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CHAPTER 1: GENERAL INTRODUCTION 
Metallic mineralization is hosted in northeastern Greece and was formed in 
association with Tertiary magmatism and regional extension of the Hellenide orogen and 
comprises part of the Rhodope-Serbomacedonian Metallogenetic Province (e.g. Vavelidis et 
al, 1989, 1990; Arvanitidis et al., 1989;  Arikas and Voudoudis 1998; Skarpelis et al., 1999; 
Skarpelis and Voudouris, 2000; Pe-Piper et al., 2002; Melfos et al., 2002; Marchev et al., 
2005; Voudouris and Alfieries, 2005; Voudouris, 2006; Voudouris et al., 2007). It occurs in a 
variety of styles, including Pb-Zn-Ag veins, metamorphic base metal replacement, sediment-
hosted gold, low- to high-sulfidation epithermal gold, reduced intrusion-related gold, and 
porphyry Cu±Mo±Au deposits (e.g. Frei, 1995; Arikas and Voudouris, 1998; Kroll et al., 
2002; Melfos et al., 2002; Pe-Piper and Piper, 2002; Marchev, 2005; Voudouris, et al., 2006; 
Melfos et al., 2008). Although the various types of metallic deposits formed in different 
geological settings, they are all related to Tertiary magmatism, which provided increased heat 
flow, a source of ore fluids, or both. Large-scale regional extensions that is related to 
magmaticsm activated faults that facilitated the emplacement of plutons and hydrothermal 
fluid flow. 
 In the present project, studies have been done on Bi-Te-Pb-Sb±Au mineralization 
near the city of Kavala (the Palea Kavala system), and a transitional porphyry Cu-Mo to 
epithermal Au-Te system on Limnos Island (the Fakos prospect). The purposes of these two 
studies are to expand upon small-scale preliminary studies of Melfos et al. (2008) as well as 
those of Voudouris and Skarpelis (1998) and Voudouris and Alfieris (2005).  The study of 
the Palea Kavala district raises the possibility that it is the first discovery of a reduced 
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intrusion-related gold system in Greece. The Fakos porphyry-epithermal system was 
discovered and first described by our colleague, Panagiotis Voudouris (Voudouris and 
Skarpelis, 1998; Voudouris and Alfieris, 2005). The two studies use field relations as well as 
mineralogical, petrological, fluid inclusion, and sulfur isotope studies to help elucidate the 
physical and chemical conditions under which these systems formed as well as sources of 
metal-bearing fluids and possible genetic linkages to spatially related plutons. The 
information provided here will hopefully be useful for continued exploration for metallic 
mineralization associated with the Palea Kavala system and the Fakos prospect and 
elsewhere regionally. 
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CHAPTER 2: IS THE PALEA KAVALA BI-TE-PB-SB±AU DISTRICT, 
NORTHEASTERN GREECE, A REDUCED INTRUSION-RELATED SYSTEM? 
 
A paper submitted to Ore Geology Reviews 
 
Andrew P. Fornadel, Paul G. Spry, Vasilios Melfos, Michael Vavelidis, 
Panagiotis Ch. Voudouris 
 
 
Abstract 
 
Reduced intrusion-related gold systems are generally characterized by a Au-Bi-Te-W 
metal assemblage genetically linked to the emplacement of granitoids.  The Palea Kavala ore 
system, Greece, consists of ~150 minor Fe-Mn (Pb±Zn±Ag), Fe-Mn-Au, Fe-As-Au, Fe-Cu-
Au, and Bi-Te-Au ore occurrences that occur primarily in quartz-calcite-sulfide veins 
(hypogene mineralization), or as supergene bodies, in overlapping zones centered on the ~21-
22 Ma granodioritic Kavala pluton, which intrudes metamorphic rocks of the Paleozoic 
Rhodope metamorphic core complex. The pluton consists mostly of granodiorite with lesser 
amounts of diorite, tonalite and monzodiorite, which was emplaced along the regional E-W 
trending Kavala-Komotini fault.  
The recently discovered, ~4 km long, E-W trending so-called Kavala vein is a sheeted 
quartz vein system of Bi-Te-Pb-Sb±Au mineralization that crosscuts the Kavala pluton and 
the schists and gneisses of the Rhodope Massif.  The Kavala vein system is comprised of 
quartz with lesser amounts of K-feldspar, plagioclase, and muscovite. Quartz-sericite-pyrite 
alteration is pervasive but minor kaolinite is also present. Pyrite (~5% of vein volume) 
contains inclusions of tetradymite (some gold-bearing), bismuthinite, and cosalite. Sulfur 
isotope values (n = 27) of pyrite from the Kavala and Chalkero veins, as well as pyrite and 
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galena from Garizo Hill Fe-Mn-Pb vein range from -1.9 to 1.0 per mil (with one outlier of -
4.6 per mil) and suggest a magmatic sulfur source. Homogenization temperatures (Th) of type 
I (two-phase aqueous liquid-vapor) and type II (three-phase, H2O-CO2-rich) fluid inclusions 
that homogenize into the liquid phase in quartz from the Kavala and Chalkero veins range 
from 216.0º to 420.0ºC (n = 216) and 255.7 º to 414.0 ºC (n = 112), respectively. The Th of 
type III (two-phase aqueous liquid-vapor), which homogenize into the vapor phase, ranges 
from 210.4o to 323.4oC (n = 28). The salinities of type I and type II inclusions range from 
15.9 to 22.6 wt. % NaCl equiv. and 5.5 to 11.2 wt. % NaCl equiv., respectively. Eutectic 
temperatures of -58.5o to -44.3oC for type I inclusions suggest the presence of appreciable 
CaCl2 in addition to NaCl. Clathrate melting temperatures for type II inclusions of ~-56.7oC 
indicate that CO2 is the major component of the gaseous phase. The presence of a zoned 
metallogenetic district centered on Bi-Te-Pb-Sb±Au mineralization within the Kavala pluton 
and the two high-temperature, high-salinity, immiscible carbonic and aqueous fluids 
associated with the Kavala and Chalkero veins are consistent with them being part of a 
reduced intrusion-related gold system. 
 
Introduction 
Reduced intrusion-related gold systems are composed of several styles of 
hydrothermal mineralization that are genetically related to the emplacement and cooling of 
reduced granitic plutons. The most common type of mineralization consists of intrusion-
hosted sheeted quartz vein arrays with low sulfide content, and a characteristic metal 
assemblage consisting of Au-Bi-Te-W (Goldfarb et al., 2005; Hart, 2005, 2007).  These 
deposit types typically form in the roof zones of the associated pluton where they generate 
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low-grade, bulk tonnage Au resources (Hart, 2007). Such deposits may exhibit a metal 
zoning, with W±Mo, Sn, Bi, and Au at the center associated with peripheral Au, As, and Sb, 
and distal Zn, Pb, and Ag (e.g. Hart et al., 2002; Goldfarb et al., 2005). According to Hart 
(2007), the tectonic settings of reduced intrusion-related gold systems are poorly constrained, 
but they occur in a setting characterized by a continental margin that has been thickened by 
past collisional events. Emplacement of granitic magmas and associated reduced intrusion-
related gold systems occur in these thickened margins and are generally associated with post-
collisional extension. 
Reduced intrusion-related gold systems have been identified worldwide, although the 
best studied examples of this ore type form part of the Tintina Gold Province of Alaska and 
the Yukon Territory (e.g., Fort Knox, Donlin Creek, Dublin Gulch; McCoy et al., 1997; 
Thompson et al., 1999; Lang et al., 2000; Lang and Baker, 2001). Other potential examples 
of reduced intrusion-related gold systems include those in the Bolivian polymetallic belt 
(e.g., Kori Kollo; Long et al., 1992), central Asia (e.g., Vasilkovskoe; Burshtein, 1996), 
eastern Australia (e.g., Kidston; Baker and Tullemans, 1990), the Iberian Peninsula (e.g., 
Salave; Harris, 1980), northern Nevada (Bald Mountain; Nutt and Hofstra, 2007), and 
northern China (Niuxinshan; Yao et al., 1999). Although reduced intrusion-related gold 
systems are present in eastern Europe at, for example, Mokrsko and Petrackova hora in the 
Czech Republic (Morávek et al., 1989; Zacharias et al., 2001), they have not been described 
in southeastern Europe. 
The Rhodope Massif of northeastern Greece and southern Bulgaria hosts many 
different types of hydrothermal ore systems including Pb-Zn-Ag veins, metamorphic 
replacement base metal, sediment-hosted gold, and low- to high-sulfidation epithermal 
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deposits (Marchev et al., 2005). Some of these deposits form part of the Oligocene-Miocene 
Serbomacedonian-Rhodope Pb-Zn and Cu-Au belt (e.g., Melfos et al., 2002; Heinrich and 
Neubauer, 2002). The Palea Kavala region of the Rhodope Massif contains ~150 minor 
hydrothermal-magmatic ore occurrences hosted within the Miocene-age Kavala pluton and 
the surrounding metamorphic rocks of the Rhodope Massif (Arvanitidis et al., 1989; 
Vavelidis et al., 1996a, 1997a). These occurrences have variable metal assemblages that 
include Fe-Mn (Pb±Zn±Ag), Fe-Mn-Au, Fe-As-Au, Fe-Cu-Au, and Bi-Te, but most are 
weathered and oxidized (particularly those that contain Mn) (Table 1).   
Archeometric studies by Vavelidis et al. (1996b, 1997b) and Vavelidis and Andreou 
(2008) showed that these deposits were exploited in ancient times for gold or lead-silver and 
in modern times for iron-manganese, with considerable exploitation by both underground and 
surface mining techniques. The ancient mines, which have been preserved for more than 
2,500 years, consist of underground galleries with two and, in some cases, three levels. The 
traces of the tools found in the mines suggest four possible periods of exploitation in the 
Palea Kavala area. Details concerning the grades and tonnages of metals in the Palea Kavala 
district are unknown; however, between 1904 and 1914 a total of 20,000 tons with 3.3-4.4% 
Zn and 0.1-2.5% Pb was extracted. According to Chatzipanagis and Dimitroula (1996), the 
reserves of the Palea Kavala prospect were estimated at ~1.5 million tons with 15-50% Fe, 1-
42% Mn, 1.5-13% Zn+Pb, 1-8% As, 0.1-34.5 ppm Au, and 1-190 ppm Ag. Recent 
construction of a new highway road-cut near the city of Kavala cross-cut the Miocene Kavala 
pluton and exposed an approximately 4 km-long sheeted-quartz vein system (hereafter 
referred to as the Kavala vein) that contains Bi-Te-Pb-Sb±Au mineralization (Melfos et al., 
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2008).  Based on the geological setting, elemental signature, and fluid inclusion data, Melfos 
et al. (2008) proposed that the Kavala vein is part of a reduced intrusion-related gold system. 
The aim of this contribution is to use field relations combined with fluid inclusion, 
sulfur isotope, mineralogical, and electron microprobe data to complement and expand upon 
the preliminary studies of Nimfopulos et al. (2000) and Melfos et al. (2008) by constraining 
the conditions of ore formation and the source of sulfur of mineralization in the Kavala 
pluton and the surrounding region. Nimfopoulos et al. (2000) obtained thirty-four primary 
fluid inclusion measurements from quartz veins in three deposits (Vathylakos, Kastro, and 
Thymaria) and nine fluid inclusion results (four primary and five secondary inclusions) in 
calcite from the Zygos deposit.  They also determined δ34S for four unnamed and unlocated 
sulfides in the district and 19 carbon and oxygen isotope pairs for calcite and dolomite in 
veins from the Zygos and Vathylakos deposits, and from country rock marbles distal to 
sulfide mineralization. Nimfopoulos et al. (2000) suggested that sulfide-bearing veins in the 
Palea Kavala district were “metamorphic-mesothermal vein deposits” (i.e. orogenic). We 
evaluate here whether or not the ancient Palea Kavala deposits are genetically related to the 
Kavala vein, and if they collectively form part of a reduced intrusion-related gold system as 
suggested by Melfos et al. (2008), or are possibly part of an orogenic system as proposed by 
Nimfopoulos et al. (2000). 
 
Geologic setting 
Regional geological setting 
 The geology of northeastern Greece is characterized by marbles, amphibolites, and 
orthogneisses of the Rhodope Massif, which is considered to be an Alpine nappe stack 
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consisting of continental and oceanic crust (Burg et al., 1996; Ricou et al., 1998; Marchev et 
al., 2005; van Hinsbergen et al., 2005) (Fig. 1). The ages of the plutonic protoliths of the 
orthogneisses range from 310 to 270 Ma. The marbles and amphibolites are interpreted as 
metamorphosed sedimentary and volcanic cover of the plutonic basement (Wawrzenitz and 
Krohe, 1998; Liati and Gebauer; 1999; Turpaud and Reischmann, 2003; Liati and Fanning, 
2005; Brun and Sokoutis, 2007).   
 The Rhodope Massif has been divided into two tectonic units by Papanikolaou and 
Panagopoulos (1981), Zachos and Dimadis (1983), Dimadis and Zachos (1989), Mposkos 
and Liati (1993), and Kyriakopoulos et al. (1996). The lower tectonic unit (Pangeon unit) 
consists of massive marbles, micaceous gneisses, mica schists, calc-silicate schists, and 
amphibolites and was metamorphosed to the upper greenschist-lower amphibolite facies. The 
upper tectonic unit was thrust above the lower tectonic unit and consists of gneisses, 
mylonites, and amphibolites with minor amounts of marble and migmatite. These rocks were 
metamorphosed to the middle to upper amphibolite facies. Both the lower and upper tectonic 
units show evidence for low-pressure retrograde greenschist facies metamorphism (Mposkos 
and Liati, 1993). 
The onset of Alpine convergence and associated north-dipping subduction during the 
Late Jurassic led to thrusting and thickening of crust in northern Greece until the mid-
Eocene, with the last two high-pressure metamorphic events dated at 51 and 42 Ma (Brun 
and Sokoutis, 2007). Since the mid-Eocene, the subduction front migrated southward and 
now forms part of the modern Hellenic volcanic arc (Marchev et al., 2005). Brun and 
Sokoutis (2007) proposed that exhumation of the Rhodope Massif resulted from large-scale 
ductile extension from the mid-Eocene to the mid-Oligocene along the Kerdylion detachment 
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zone, which exposed the Rhodope metamorphic dome at the surface. From the late-
Oligocene to the mid-Miocene, regional brittle extension occurred within the Rhodope 
Massif along normal faults.  
Igneous activity in the Rhodope Massif includes Oligocene-Miocene volcanism and 
Eocene-Miocene plutonism. The widespread volcanic rocks of the eastern and central 
Rhodope Massif are high-K calc-alkaline to shoshonitic and intermediate to basic in 
composition, and are mid-Eocene to Oligocene in age (Innocenti et al., 1984; Eleftheriadis, 
1995; Christofides, 1996). Plutonic rocks, most commonly monzonite and granodiorite with 
lesser amounts of gabbro, are also widespread in the Rhodope Massif, although they are most 
common in the eastern and central parts. These plutons were emplaced into the Rhodope 
Massif during the late Eocene to mid-Miocene (e.g., Dinter et al., 1995; Christofides, 1996; 
Eleftheriadis and Koroneos, 2003).  
 
Geology of the Palea Kavala area 
In the Palea Kavala area, metamorphic rocks of the lower tectonic unit of the 
Rhodope Massif were intruded by the ~21-22 Ma Kavala (or Symvolon) pluton (Dinter et al., 
1995; Christofides, 1996) along the trend of the Kavala-Komotini fault zone (Dimades and 
Zachos, 1989) (Fig. 2). The Kavala pluton has the characteristics of an I-type intrusion 
(Christofides, 1996), which is dominantly composed of amphibole-biotite granodiorite with 
subordinate amounts of diorite, tonalite, monzogranite, and monzodiorite (Fig. 3a). 
Metaluminous, ellipsoidal enclaves of tonalite and diorite are common within the 
granodiorite, particularly towards its margins (Neiva et al., 1996) (Fig 3b). Aplitic and basic 
dikes cross-cut the pluton and the country rock (Neiva et al., 1996; Brun and Sokoutis, 2007) 
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(Fig. 3c and d). Eleftheriadis and Koroneos (2003) compared the whole-rock and trace 
element geochemistry and petrology of the Kavala pluton of Kyriakopoulos (1987) and 
Neiva et al. (1996) and the Pangeon granitoids, immediately west of Kavala, and showed that 
the Pangeon granitoids (also emplaced at ~21-22 Ma) and the Kavala pluton have calc-
alkaline affinities, as based on AFM and FeO/MgO vs. SiO2 discrimination diagrams. 
The Kavala pluton granodiorite is medium- to coarse-grained and consists largely of 
quartz, plagioclase (An16-35), K-feldspar (Or75-99), amphibole, and biotite, with lesser amounts 
of titanite, allanite, apatite, zircon, and epidote (Neiva et al., 1996). Epidote is inferred to be 
of magmatic origin based on textural characteristics (Neiva et al., 1996).  The notable iron 
oxide reported in the granodiorite by this study, and by Neiva et al. (1996), is magnetite, 
although the presence of ilmenite was reported by Kyriakopoulos (1987). Although the 
granodiorite contains both amphibole and biotite in varying proportions, the tonalite and 
diorite contain more amphibole than biotite. The latter is the only mafic mineral present in 
the monzodiorite (Neiva et al., 1996). Based on major and trace element data from the 
Kavala pluton, Neiva et al. (1996) suggested that granodiorite and monzogranite formed by 
fractional crystallization of a tonalite. Bulk rock δ18O (10.4 to 11.4 per mil) and 87Sr/86Sr 
(0.707 to 0.709) values for the Kavala pluton the Kavala pluton suggested to Neiva et al. 
(1996) that there was crustal contamination of the pluton during emplacement, although the 
amount of crust incorporated into the magma is uncertain. 
Pervasive deformational fabrics within the Kavala pluton, which are most prominent 
near its contact with the Rhodope Massif, as well as more abundant folds, mylonitized zones, 
and boudinaged dikes, suggest that it was emplaced during the waning stages of regional 
extension, deep enough to produce ductile deformation (Christofides, 1996; Brun and 
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Sokoutis, 2007).  The southern and central part of the pluton show pervasive S-C fabrics that 
are consistent with syntectonic emplacement (Brun and Soukoutis, 2007). However, it should 
be noted that at the northeastern end of the Kavala pluton where the metal-bearing quartz 
veins are located, the degree of deformation is considerably less and leads to the 
development of a weak fabric that is produced by the mafic minerals.  At this location, it is 
unclear whether the fabric was produced during tectonic deformation of the whole 
granodiorite or is a result of deformation produced along the margins of the pluton as it was 
being emplaced.  
 
Metallic mineralization 
Oxidized Fe-Mn-Au and Fe-Mn (Pb±Zn±Ag) bodies are localized in marbles, whereas 
Fe-As-Au, Fe-Cu-Au, and Bi-Te-Au occur in gneisses and granitoids, as well as along the 
gneiss-marble contact of the lower tectonic unit in milky quartz veins.  Mineralization hosted 
within or proximally to the Kavala pluton has a Bi-Te±Pb±Sb±Au signature, whereas that 
outboard from the pluton shows the following zones: Fe-Mn-Au, Fe-Cu-Au, and Fe-As-Au. 
Distal to the pluton the metal zone consists of Fe-Mn (±Pb-Zn-Ag) (Fig. 4). The elongate 
direction of the zones roughly parallels the orientation of the Kavala-Komotini fault and 
minor structures. 
Fe-As-Au, Fe-Cu-Au, and Bi-Te-Au ores occur in quartz or quartz-carbonate (calcite, 
ankerite, and rare rhodocrosite) veins up to 20 m wide (mostly 1 to 3 m wide, Fig. 3e), that 
trend primarily in a NE-SW direction. Although quartz veins in the Kavala sheeted vein 
system are over a 1 km in length, others in the district are not as long but can be up to 800 m 
in length (e.g., the Anestiada Fe-Cu-Au deposit). Details of the geological setting and 
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mineralogy of some of these deposits are given in Table 1. Metallic minerals (in approximate 
order of abundance) in Fe-As-Au type deposits consist of pyrite, arsenopyrite, sphalerite, 
galena, cosalite, chalcopyrite, galena, secondary covellite and chalcocite, tetrahedrite-
tennantite, pyrrhotite, native gold, and rare petzite, whereas Fe-Cu-Au deposits contain 
pyrite, chalcopyrite, secondary covellite and chalcocite, pyrrhotite, bismuthinite, tetrahedrite-
tennantite, and native gold (Vavelidis et al., 1997a). Where present, native gold occurs as 
inclusions in quartz, arsenopyrite and chalcopyrite in Fe-As-Au and Fe-Cu-Au deposits, and 
in quartz in the oxidized ores.  Metallic minerals in Bi-Te-Au ores include fine, disseminated 
pyrite, tetradymite, cosalite, bismuthinite, and lillianite. 
Contacts between orebodies and wall rocks are generally sharp but, locally, alteration 
extends for up to ~1 m from the margins of orebodies or sulfide-bearing quartz veins where it 
consists of silicification, sericitization, and kaolinitization (Nimfopoulos, 1990). Supergene 
minerals in the Palea Kavala district, particularly in the Fe-Mn-Au and Fe-Mn (Pb±Zn±Ag) 
deposits, include arseniosiderite, scorodite, mimetite, goethite, pyrolusite, manganosite, 
todorokite, cryptomelane, nsutite, chalcophanite, bermanite, paravauxite, plumbojarosite, 
beudanite, cerussite, symplesite, lepidocrosite, goutite, and manganite (Arvanitidis et al., 
1989; Vavelidis et al., 1997a).  Note that, in places, primary sulfides such as pyrite, 
arsenopyrite (Fig. 3f), and galena are locally preserved in the oxidized zone (e.g., Garizo 
Hill). The Kavala Bi-Te-Au vein crosscuts the Kavala pluton near the contact of the pluton 
with schists and gneisses of lower tectonic unit of the Rhodope massif (Figs. 3g). Rare pods 
of massive pyrite, up to 30 cm long, are found in the granodiorite (Fig. 3h). The mineralogy 
of the Kavala vein is predominantly quartz with lesser amounts of K-feldspar, plagioclase, 
muscovite, and pyrite.  Intergrown with the massive subhedral to euhedral pyrite (~5% of 
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vein volume) and quartz are minor amounts of tetradymite (Figs. 5a-c), cosalite (Fig. 5b), 
bismuthinite (Fig. 5c), and Sb-rich lillianite (Table 2).  Tetradymite, which is the most 
common Bi mineral, forms anhedral grains up to 2 mm long intergrown with the other Bi 
minerals.  Cosalite forms as isolated elongated grains or as bladed masses up to ~500 μm in 
length, whereas bismuthinite occurs as subhedral to euhedral grains up ~500 μm in length. 
Although rare, lillianite contains up to 12.2 wt. % Sb, whereas cosalite also contains high 
concentrations of Sb (up to 4.1 wt. % Sb). 
 
Samples and analytical methods 
 Samples were collected from the Kavala, Chalkero, and Garizo Hill prospects in the 
Palea Kavala area since most other mines are inaccessible or were subjected to extensive 
supergene weathering (Fig. 4).  Thirty-one samples of quartz with intergrown sulfides from 
the Kavala vein system were collected along its strike length at each location where it was 
exposed along the highway, particularly where sulfides were observed, and of the enclosing 
plutonic host rock. Thirteen samples of milky quartz and intergrown sulfides and tellurides 
were also collected from the Chalkero vein. Pyrite and arsenopyrite were obtained from the 
Garizo Hill mine and galena was sampled from a nearby mine dump. 
 Chemical compositions of sulfides and sulfosalts in the Kavala and Chalkero veins 
were determined with a JEOL 840A scanning electron microscope at the Faculty of Sciences, 
University of Thessaloniki (Table 2). Operating conditions were 20 kV and 20 nA, with a 
beam diameter of 1 μm. The following X-ray lines were used:  AuMα, BiMβ, FeKα, PbMα, 
SKα, SbLα, and TeLα. Pure elements (for Au and Sb), pyrite (for Fe and S), galena (for Pb), 
synthetic BiTe (for Bi and Te) were used as standards.   Chemical compositions of sulfides 
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and sulfosalts were also determined with a JEOL JXA 8200 electron microprobe at Iowa 
State University using the following X-ray lines: AgLα, AsLα, AuMα, BiMβ, CuKα, FeKα, 
PbMα, SKα, SbLα, SeLα, TeLα, and ZnKα. Pure elements (for  Ag, Au, Bi, Se, Te), pyrite 
and chalcopyrite (for Fe, Cu and S), galena (for Pb), sphalerite (for Zn), Sb2S3 (for Sb) and 
synthetic GaAs (for As) were used as standards. The concentrations of the major and minor 
elements were determined at Iowa State University at an accelerating voltage of 15 kV and a 
beam current of 15 nA, with 10 seconds as the counting time (5 seconds on each 
background). 
Thermometric data were obtained on Fluid Inc.-adapted USGS gas-flow heating-
freezing stage at Iowa State University and a Linkham THM-600/TMS 90 heating-freezing 
stage at the Aristotle University of Thessaloniki. The estimated precision of the USGS gas-
flow stage for freezing and heating measurements is ±0.5° C and ±2° C, respectively, 
whereas that for the Linkham stage is ±0.2° C and ±1° C, respectively.  Two or three 
measurements were made on each inclusion. The stages and thermocouple were calibrated by 
using synthetic fluid inclusions, organic standards with known melting points, and ice (H2O). 
Fluid compositions and properties as well as the construction of isochores were derived from 
the computer programs MacFlinCor (Brown and Hagemann, 1994) and FLUIDS (Bakker, 
2003). Salinities were calculated using the equations of Bodnar and Vityk (1994).  Fluid 
inclusion microthermometric data are given in Table 2. A complete fluid inclusion dataset for 
this study is given in appendix table A1. 
Sulfur isotope analyses were obtained from 27 samples of pyrite (twenty-four from 
the Kavala vein, one from Chalkero, and one from Garizo Hill) as well as from sample of 
galena from Garizo Hill. Sulfides were hand-picked and crushed for purification and 
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measured at the Stable Isotope Research Facility at Indiana University (SIRF-Indiana) using 
a Finnigan MAT 252 mass spectrometer.  The SIRF sulfur isotope instrument has an 
elemental analyzer (EA) inlet that is well calibrated for samples containing between 0.1 and 
1 micromole of sulfur in the form of BaSO4 and Ag2S to ensure accuracy.  Details of the 
analytical method are given in Lefticariu et al. (2006).  Sulfur isotope ratios were measured 
relative to Vienna Cañon Diablo troilite (V-CDT) and are given in Table 4.  
 
Results 
Fluid inclusions 
Fluid inclusion studies were performed on doubly-polished (~100 µm thick) wafers of 
quartz intergrown with sulfides from the Kavala and the Chalkero veins only. In total, 22 
wafers were prepared for fluid inclusion analysis, of which 13 samples from the Kavala vein 
and four from the Chalkero occurrence yielded inclusions that were suitable for heating and 
freezing studies.  Fluid inclusion studies were done to determine the composition of the ore 
fluid, conditions of ore formation, the depth of emplacement of the metallic mineralization in 
the absence of other geological indicators, and a possible mechanism for ore deposition.  This 
was done, in large part, to help evaluate whether or not metallic mineralization in the Palea 
Kavala district is part of a reduced-intrusion related ore system or is, perhaps, an orogenic 
deposit.  The fluid inclusion study has been performed realizing the caveat proposed by 
Goldfarb et al. (2005) that the presence of low-salinity, CO2-bearing fluid inclusions cannot, 
alone, be used as a criterion for distinguishing between these two deposit types.  
Three types of primary fluid inclusions (up to 60 μm in length, with the vast majority 
in the 25 to 35 μm range) were identified: type I, two-phase aqueous liquid-vapor inclusions 
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(70-80% liquid, Fig. 5d and e), which homogenized to the liquid phase upon heating;  type II, 
three-phase H2O-CO2-rich inclusions in which the volume of the CO2 bubble is 
approximately 50-70% (Fig. 5d & e); and type III, two-phase aqueous liquid-vapor inclusions 
(90-95% vapor; Fig. 4), which homogenized to the vapor phase. Primary inclusions from the 
Kavala and Chalkero veins were generally rounded and evenly distributed throughout a 
sample; however, zones of inclusions in some samples from Chalkero showed fluid 
inclusions (type I) that were small (< 5 μm in length) and irregular in shape.  These 
inclusions, along with planes of secondary inclusions (mostly type I), were not subject to 
microthermometric studies. The ratio of primary to secondary inclusions was approximately 
10:1.  Some of the type I inclusions contained metastable daughter crystals of halite that 
formed spontaneously upon cooling after a heating run (Fig. 5f). The daughter crystals were 
not always reproducible upon reheating and subsequent cooling. 
Using the criteria of Goldstein and Reynolds (1994), only one primary fluid inclusion 
assemblage can be recognized, since the three types of fluid inclusions coexist in each 
sample.  It should be noted that type I, type II, and type III inclusions were present in the 
approximate ratio of 50:40:10 in most samples, with one exception where type III inclusions 
constituted approximately 50% in sample CH-5 from Chalkero.  Some grains of quartz were 
recrystallized and devoid of primary inclusions. Where present, these recrystallized grains 
were locally cut by planes of secondary inclusions.  There is no evidence for post-entrapment 
modification of fluid inclusions applying the method of Audétat and Günther (1999).   
Homogenization temperatures (Th) for type I inclusions in quartz ranged from 216.0° 
to 420.0° C and 317.7° to 411.1° C for the Kavala vein and the Chalkero occurrence, 
respectively (Fig. 6). The salinity of type I inclusions, based on freezing point depression, 
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ranged from 16.0 to 22.7 and 17.9 to 21.2 wt. %  NaCl equiv. for the Kavala vein and the 
Chalkero occurrence, respectively (Bodnar and Vytik, 1994) (Fig. 7). Eutectic melting 
temperatures gave values of -59° to -44°C, which suggests the presence of appreciable 
amount of CaCl2 in addition to NaCl . 
Type II fluid inclusions homogenized to the liquid phase from 283.4° to 414.0° C and 
255.7° to 385.6°C for the Kavala vein and the Chalkero occurrence, respectively (Fig. 6). 
CO2 melting temperatures for type II inclusions averaged -56.9° and -56.7° C for the Kavala 
vein and the Chalkero deposit, indicating that CO2 is the predominant gas. Based on the 
melting points of clathrates, and assuming pure CO2 in the type II inclusions, salinities were 
calculated using Bozzo et al. (1973), and range from 5.90 to 11.29 and 6.29 to 11.43 wt. % 
NaCl equiv. for the Kavala vein and the Chalkero occurrence (Fig. 7). 
Homogenization temperatures of type III inclusions from the Kavala vein and the 
Chalkero occurrence ranged from 210.4° to 317.8° C and 260.4° to 315.3° C, respectively 
(Fig. 5). Salinities of type III inclusions could not be determined due to the small amount of 
liquid in the inclusions. 
 
Sulfur isotopes 
 There is little variation in the δ34S values of sulfides from the Kavala vein, Chalkero, 
and Garizo Hill. Samples of pyrite have δ34S values ranging from -4.68 to 0.96 per mil and 
galena has a value of -1.93 per mil (Fig. 8, Table 4). Excluding a single outlier of -4.68 per 
mil for pyrite from the Kavala vein, the range of δ34S values is -1.93 to 0.96 per mil, and 
incorporates the range of δ34S values of -0.2 to 1.0 per mil (n = 4) for unlocated sulfides 
obtained by Nimfopoulos et al. (2000). 
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Discussion 
 
Is the Palea Kavala district a reduced intrusion-related ore system?  
The Kavala pluton is a metaluminous, calc-alkaline granodiorite that grades into 
diorite, tonalite, and monzodiorite, which collectively intrude metaigneous and 
metasedimentary rocks of the Rhodope Massif. Due to the presence of magnetite and 
ilmenite, as well as the accessory minerals zircon, monazite, allanite, and epidote, the 
oxidation state of the Kavala pluton is considered to be reduced and to fall on or near the 
magnetite-ilmenite buffer, even though there was no exsolution of either oxide out of the 
other mineral.   
In reduced intrusion-related gold systems, intrusions are commonly hosted in 
siliciclastic and carbonaceous continental margin sequences and their metamorphosed 
equivalents (e.g., Hart, 2007). The intrusions for most reduced intrusion-related gold systems 
are metaluminous, subalkalic, and typically intermediate to felsic in composition, usually 
granodiorite and granite. The granodiorites and granites are generally accompanied by 
zircon, monazite, apatite, allanite, and thorite and have an initial 87Sr/86Sr isotope ratio of 
0.709 to 0.720. This range is higher than the range of 87Sr/86Sr isotope ratios of 0.707 to 
0.709 for the Kavala pluton (Neiva et al., 1996), but crustal contamination of magma is 
evident in both intrusions associated with reduced intrusion-related gold systems and the 
Kavala pluton. 
  The small variation in δ34S values of sulfides for the Kavala vein, and the Chalkero 
and Garizo Hill deposits (-1.9 to +1.0‰, with one outlier of -4.7; Fig. 8) suggests a magmatic 
source of sulfur (Ohmoto and Rye, 1979; Ohmoto and Goldhaber, 1997) with little or no 
interaction of the ore-forming fluid with sedimentary rocks that contain sulfur.  A magmatic 
 20
source was also proposed by Nimfopoulos et al. (2000). No sulfide-bearing sedimentary 
rocks occur in the Kavala area and the reason for the single low value of -4.7 is unclear since 
the sample was extracted from massive pyrite.  The low value could be due to a variety of 
slight differences in the physicochemical conditions (e.g. fO2, pH, T, δ34SΣS, and ΣS) of the 
ore fluid at that particular locality.  The δ34S values of sulfides from the Kavala and Chalkero 
veins are similar to those reported for most other known reduced intrusion-related gold 
systems, which generally have values of 0 ± 5 per mil (Fig. 9, Table 5).  Exceptions include 
the Donlin Creek deposit that has δ34S values as low as -20 per mil and the Bald Mountain 
deposit that has δ34S values as high as 26.4 per mil (Goldfarb et al., 2004; Nutt and Hofstra, 
2007). These deviations in δ34S from 0 ± 5 per mil may have been caused by devolatilization 
of, or exsolution of, sulfur from a magma melt within a reduced sedimentary source rock or 
assimilation of sulfur from sedimentary rocks that are enriched in 34S (Goldfarb et al., 2004; 
Nutt and Hofstra, 2007). The effects of the progressive interaction of the hydrothermal fluids 
with a sedimentary source of sulfur is also apparent for the Scheelite Dome and Clear Creek 
deposits as indicated by δ34S values as low as -12 and -13 per mil, respectively (Marsh et al., 
2003; Mair et al., 2006).  
Fluid inclusion microthermometric data for the three types of inclusions in the Kavala 
and Chalkero veins, which are characterized by high-salinity H2O-NaCl-CaCl2, moderate- to 
high-salinity H2O-CO2, or vapor-rich H2O compositions, are considered to be coexisting, 
immiscible ore-forming fluids. Isochores for fluid inclusions within the Kavala and Chalkero 
veins indicate that they formed at depths of ~3 to 5 km, while Nimfopoulos et al. (2000) 
proposed a depth 3 to 3.5 km (assuming lithostatic pressure). Fluid inclusions reported by 
Nimfopoulos et al. (2000) for quartz from the Vathylakos, Kastro, Thymaria, and Mandra 
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Kari deposits are the same type of inclusions described here and have values of Th (280.0° to 
320.0° C; n = 34) and salinities (up to 13 wt. % NaCl), which are within the range of values 
reported in the present study. The coexistence of aqueous and aqueous-carbonic fluids is 
characteristic of intrusion-hosted sheeted veins in reduced intrusion-related gold systems 
(e.g., Baker and Lang, 2001; Baker, 2002; Hart, 2007). Furthermore, the coincidence of the 
homogenization temperatures, salinities, and calculated depths of formation of the three types 
of fluid inclusions from the Kavala, Chalkero, Vathylakos, Kastro, Thymaria, and Mandra 
Kari veins suggest that they are all part of the same ore-forming system.  
The coexistence of aqueous and carbonic fluid inclusions in quartz veins that host 
ore-bearing minerals, and sulfur isotope values of sulfides near 0 per mil are consistent with a 
magmatic fluid and with an igneous source of sulfur.  Nimfopoulos et al. (2000) obtained 
δ13C and δ18O for carbonate in quartz-carbonate-sulfide veins that range from -9.2 to 3.4 per 
mil and 14.5 to 29.9 per mil, respectively. These data do not allow for the origin of the 
carbonate to be delineated as either magmatic or metamorphic. However, the rest of the 
geochemical data suggest that the Kavala, Chalkero, Vathylakos, Kastro, Thymaria, and 
Mandra Kari and Garizo Hill deposits are genetically linked to the Kavala pluton and its 
associated mineralizing system.  The mineralogy of the hydrothermal deposits in the Palea 
Kavala district, the presence of metallic veins cross-cutting igneous and metamorphic rocks, 
the composition of the ore fluids and range of sulfur isotopes of sulfides are compatible with 
deposits in the district being either reduced intrusion-related or orogenic (e.g., Sillitoe and 
Thompson, 1998).  Goldfarb et al. (2005) and Hart and Goldfarb (2005) identified criteria 
that are shared by reduced intrusion-related ore systems and orogenic deposits including 
reduced sulfide assemblages and anomalous Bi, Te, and  W contents, CO2-rich and low 
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salinity fluid inclusions, their formation after peak metamorphism, shallow vein systems and 
a temporal/spatial relationship with  granitoids. However, Goldfarb et al. (2005) and Hart and 
Goldfarb (2005) also identified criteria that allow reduced intrusion-related ore systems to be 
distinguished from orogenic deposits including the location of a deposit/district in deformed 
shelf sequences inboard of accreted terranes, post-deformational timing of gold deposition, 
and, in some locations, district scale zonation of metals.   
When the criteria of Goldfarb et al. (2005) and Hart and Goldfarb (2005) are applied 
to the Palea Kavala district they support the concept that it is a reduced intrusion-related 
system because it formed inboard of an accreted terrain in deformed shelf sequences (e.g., 
marbles), and in veins that formed after peak metamorphism was reached. However, the key 
criterion is that ~150 magmatic-hydrothermal ore deposits of the Palea Kavala district, 
including the Kavala vein, show a distinct zonation of metal assemblages which is centered 
on the Kavala pluton (Fig. 4). This zonation pattern is generally similar to that reported by 
Hart (2007) for the Tintina Gold Province of Alaska and the Yukon Territory. There, 
mineralization styles vary systematically as a function of thermal gradients generated around 
the causative plutons. Au-Bi-Te±W mineralization occurs within and proximal to the pluton. 
Au, As and Sb are common within and proximal to the contact aureole, whereas base metals, 
such as Pb and Zn, formed distal to the pluton.  Metallic zoning on a regional scale is rare in 
orogenic gold deposits. 
 
Model of formation of metallic deposits in the Palea Kavala district   
The Kavala pluton was emplaced into the Rhodope massif along the large-scale 
Kavala-Komotini fault zone during the final stages of regional extension as a result of post-
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orogenic collapse. Due to its relatively low solubility, it is speculated that carbon dioxide 
exsolved from the melt at deeper crustal levels than other volatiles such as chlorine or H2O 
(Lowenstern, 2000; 2001). Baker (2002) suggested that fractional exsolution of early carbon 
dioxide may be paramount to reduced intrusion-related gold systems by increasing the 
concentration of other volatiles in the melt, such as Au- and Bi-bearing bisulfide complexes. 
Exsolution of metal-bearing volatiles and the thermal gradient generated during plutonic 
emplacement likely gave rise to the metallically-zoned magmatic-hydrothermal ore deposits 
in the district, which are centered on the Kavala pluton. 
It is also probable that the depth of pluton emplacement (~3 to 5 km) and the 
associated confining pressure precluded explosive, porphyry-style mineralization around the 
Kavala pluton. Within the pluton itself, arrays of parallel to sub-parallel sheeted quartz veins 
containing sulfide mineralization formed in fractures controlled by weak extension in the 
eastern end of the pluton. 
The zonation of the metallic ore occurrences in the district is controlled primarily by 
their proximity to the Kavala pluton; however, structural controls on metallic zonation are 
also apparent. In general, the zones vary as a function of distance from the pluton and are 
somewhat draped around it. However, the general SE-NW trend of the zones parallels the 
major Kavala-Komotini fault and other minor structures in the area, indicating that ore fluid 
pathways were likely controlled by regional structures as they migrated away from the 
Kavala pluton. Continued exhumation of the Rhodope massif and surficial weathering 
processes subsequent to pluton emplacement exposed the Palea Kavala ore district to its 
present position.  
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Conclusions 
Sulfide mineralization in the Palea Kavala area is considered to be a reduced 
intrusion-related ore system as the geological characteristics of the Kavala pluton and the 
surrounding country rock, as well as conditions of sulfide formation are similar to those 
reported for reduced intrusion-related gold systems elsewhere (Table 3) (McCoy et al., 1997; 
Thompson et al., 1999; Lang et al., 2000; Thompson and Newberry, 2000; Lang and Baker, 
2001; Baker, 2002; Hart, 2007) 
In evaluating the global distribution of reduced-intrusion related gold systems, Hart 
(2007) tentatively identified a belt of Phanerozoic deposits that extended from the Penedona 
and Jales deposits in Portugal, eastward through Spain (Salave and Solomon deposits), 
through to the Czech Republic (Mokskro and Petrackova hora deposits), and further east to 
the Vasilkovskoe deposit, Kazakhstan, and to the Niuxinshan deposit, China.  This is the first 
documentation of a reduced intrusion-related ore system in Greece, and it is raises the 
possibility that there are other Miocene reduced-intrusion related gold deposits elsewhere in 
the Oligocene-Miocene Serbomacedonian-Rhodope belt.  
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Figure Captions 
 
Fig. 1. Generalized geologic map of the Rhodope Massif and the Circum-Rhodope belt of 
northeastern Greece, showing the location of the Kavala vein Bi-Te mineralization. 
Adapted from Dimades and Zachos (1989) and Melfos et al. (2008). 
Fig. 2. Geologic map of the Palea Kavala area of northeastern Greece showing some of the 
ore occurrences in the area. Modified after Vavelidis et al. (1997a). 
Fig. 3. Photographs of the Kavala pluton, Rhodope Massif country rock, and sulfide 
mineralization. (A) Medium-grained massive Kavala granodiorite. (B) Medium to coarse 
grained Kavala granodiorite with numerous phenocrysts of plagioclase and ellipsoidal 
inclusions of tonalite. (C) Deformed aplitic dike cross-cutting gneissic host rock of the 
Rhodope Massif (also see Figure. 4 of Brun and Sokoutis, 2007). (D) Basic dike cross-
cutting the Kavala pluton. (E) Coarse milky quartz and Bi-tellurides of the Chalkero vein. 
(F) Pyrite and arsenopyrite mineralization in contact with goethite-bearing oxidized zone 
at the base of the Garizo Hill. (G) Coarse grained massive pyrite intergrown with milky 
quartz (Kavala vein). (H) Pyrite “pod” in the Kavala granodiorite. 
Fig. 4. Generalized map showing metal zonation patterns in the Palea Kavala district 
Modified after Vavelidis et al. (1997a).  Note that the Kavala vein occurs in the Bi-Te 
(±Pb-Sb-Au) zone that occurs closest to the Kavala pluton. 
 Fig. 5. Ore mineral textures and fluid inclusion assemblages from the Palea Kavala area. (A) 
Pyrite (py) and tetradymite (tetd) intergrown in quartz. Tetradymite altering to a Bi-Te-
Pb-oxide. (B) Pyrite and tetradymite intergrown in quartz with elongated grain of cosalite 
(cos). (C) Tetradymite and bismuthinite (bmt) intergrown in pyrite. (D, E) Typical fluid 
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inclusion assemblage showing Type I, II, and III inclusions. (F) Type I inclusion with a 
metastable halite daughter crystal. 
Fig. 6. Summary histogram of homogenization temperatures (Th) for fluid inclusions hosted 
in quartz from the Kavala and Chalkero veins. The data are discriminated with respect to 
inclusion type.  
Fig. 7. Summary of salinity and homogenization temperature (Th) data for type I (two-phase 
aqueous liquid-vapor) and type II (three-phase, H2O-CO2-rich) fluid inclusions hosted in 
quartz from the Kavala and Chalkero veins. 
Fig. 8. Summary histogram of sulfur isotope data of pyrite from the Kavala and Chalkero 
veins, and pyrite and galena from the Garizo Hill occurrence. Note that Nimfopoulos et 
al. (2000) obtained four values of δ34S = -0.2 to 1.0 per mil from unlocated and unnamed 
sulfides in the Palea Kavala district) 
Fig. 9. Sulfur isotope ranges for sulfides from the Palea Kavala area and from known 
intrusion-related gold deposits. Data compiled from Baker and Andrew (1991), Rombach 
and Newberry (2001), Zacharias et al. (2001), Marsh et al. (2003), Goldfarb et al. (2004), 
Nezafati et al. (2004), Goldfarb et al. (2005), Mair et al. (2006), Nutt and Hofstra (2007), 
and Thorne et al (2008).  
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 Tables 
 
Table 1  
Geological setting and mineralogy of selected deposits in the Palea Kavala area1  
Deposit 
(Lat. / Long.) Type Host Lithologies Structure Wall Rock Alteration Primary Minerals 
Thysaria 
40° 58' 50" N 
24° 30' 10" E 
Fe-Cu-Au Marble, gneiss ≥2 m wide Qz veins Silicification, 
kaolinitization, 
sericitization 
Py-Ccp-Apy-Ptz in Qz 
vein in marble; Apy-
Ccp-Gn-Sp-Gld at 
marble/gneiss contact 
Garizo Hill 
40° 59' 35" N 
24° 24' 45" E 
Fe-Mn-(Pb-Zn-Ag) Marble, schist Two outcrops on an anticline axis 
trending 60° cut by a NW-trending 
high-angle fault 
Kaolinitization, 
sericitization 
Py-Apy-Gn in Qz with 
Rds and/or Mn oxides 
Anestiada 
41° 00' 40" N 
24° 26' 55" E 
Fe-Cu-Au Marble, gneiss 800 m long by 5-10 m wide Qz veins 
in two outcrops on a synclinal limb 
trending 50° 
Sericitization near 
marble/gneiss contact 
Py-Ccp±Apy in Qz vein 
Zygos Adits 
41° 01' 20" N 
24° 23' 35" E 
Fe-Mn-(Pb-Zn-Ag) Marble, gneiss Two outcrops of Qz veins in 
anticline limbs trending 60° 
Sericitization at 
marble/gneiss contact 
Py±Apy±Gn±Sp in Qz-
Rds vein and/or Mn 
oxides 
Vathylakos-
Kastro 
40° 59' 10" N 
24° 28' 00" E 
Fe-Cu-Au±Bi±Sb Marble, gneiss Three types of Qz-sulfide-Au veins: 
a. ~40 cm wide subvertical vein 
trending 130° 
 
b. ~2 m wide vein at marble / gneiss 
contact trending 50° along thrust 
 
c. ~1m wide strike-parallel veins 
(at Kastro) trending 50° along thrust 
a. Silicification, 
kaolinitization 
 
b. and c. Silicification, 
kaolinitization, 
sericitization 
Py-Ccp-Cal in Qz vein 
Giolia 
40° 59' 40" N 
24° 23' 30" E 
Fe-Mn-(Pb-Zn-Ag) Marble, gneiss Stratabound ~5 m wide Qz vein in 
shear-zone between marble and 
gneiss trending  
Silicification, 
pyritization 
Apy-Py-Ccp-Po-Gn in 
Qz; Mn oxides 
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Table 1 continued 
Palia Pili 
40° 58' 12" N 
24° 25' 10" E 
Bi-Te-Sb-Pb±Au Granodiorite, 
marble, schist 
~40 cm wide Qz-Py veins 
crosscutting the Kavala pluton and 
adjacent marble 
Silicification, 
kaolinitization, 
sericitization 
Py in Qz vein 
Kryoneri 
41° 02' 05" N 
24° 23' 10" E 
Fe-Cu-Au Marble ~5-10 m wide stratabound sulfide-
carbonate orebodies which occur as 
karst infillings 
Silicification, 
ankeritization, 
dolomitization 
Py-Ccp-Apy-Sp in Qz-
Ank vein 
Kavala Vein Bi-Te-Sb-Pb±Au Granodiorite, 
marble, gneiss, 
schist 
~4 km long, ≥1 m wide Qz veins 
which crosscut the Kavala pluton 
and its host rocks 
Sericitization, 
kaolinitization 
Py-Tetd-Cos-Bsm in 
sheeted quartz veins 
1 modified after Nimfopoulos (1990), most abbreviations after Whitney and Evans (2010); Ank ankerite; Apy arsenopyrite; Bsm bismuthinite; 
Cal calcite; Ccp chalcopyrite; Cos cosalite; Gld native gold; Gn galena; Qz quartz; Po pyrrhotite; Ptz petzite; Py pyrite; Rds rhodochrosite; Sp sphalerite; 
Tetd tetradymite. 
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 Table 2 
Fluid inclusion data for quartz in the Kavala and Chalkero veins 
Sample 
no. Locality 
Inclusion 
Type Tme (oC) Tmf (oC) TmCO2 (oC) TmCH4 (oC) ThCO2 (oC) Th (oC) 
Salinity (wt. % 
NaCl equiv.) 
K-7 Kavala 1 -55.0 to -50.1 (12) -20.4 to -13.9    290.0 - 368.4 (10) 17.17 - 22.65 (12) 
  2   -57.1 to -53.4 (7) 4.2 to 6.0 (7) 28.6 to 30.7 (7) 288.9 - 361.8 (7) 7.48 - 10.29 (7) 
  3      280.1 - 311.9 (3) - 
          
K-8 Kavala 1 -49.7 to -48.1 (6) -16.9 to -14.2    261.0 - 341.1 (5) 17.96 - 20.15 (6) 
  2   -56.7 to -53.9 (6) 5.9 to 6.4 (5) 28.9 to 29.5 (6) 305.1 - 308.6 (3) 6.81 - 7.64 (5) 
  3      251.7 - 278.6 - 
          
K-10 Kavala 1 -57.5 to -50.6 (12) -19.2 to -14.0 (12)    277.3 - 368.5 (12) 17.79 - 21.82 (12) 
  2   -57.6 to -55.0 (8) 3.5 to 5.8 (8) 25.1 to 30.3 (8) 283.4 - 339.1 (7) 7.81 - 11.29 (8) 
  3      257.2 - 275.9 (3) - 
          
K-11 Kavala 2   -57.0 to -56.6 (3) 4.4 to 5.6 (3) 26.1 to 27.4 (3) 307.5 - 331.8 (3) 8.13 - 9.99 (3) 
  3      210.4 - 257.1 (2) - 
          
K-14 Kavala 1 -50.4 to -44.3 (14) -19.6 to -14.9 (14)    302.2 - 382.4 (11) 18.55 - 22.10 (14) 
  2   -57.4 to -56.4 (8) 6.1 to 6.7 (8) 28.3 to 30.9 (7) 301.0 - 312.3 (5) 6.29 - 7.31 (8) 
  3      251.0 - 317.8 (3) - 
          
K-22 Kavala 2   -59.1 to -57.6 (3) 5.8 to 6.4 (3) 28.9 to 31.1 (3) - 6.81 - 7.81 (3) 
  3      257.3 - 270.5 (3) - 
          
K-26 Kavala 1 -58.5 to -45.7 (11) -18.0 to -12.0 (11)    299.9 - 347.9 (10) 17.70 - 20.97 (11) 
  3      280.8 - 323.4 (3) - 
          
Kav1 Kavala 1 - -19.0 to -13.0 (33)    285.0 - 419.0 (35) 16.9 - 21.7 (33) 
  2   -57.3 to -56.1 (7) 6.4 to 6.7 (7) 31.0 to 31.9 (7) 303.0 - 324.0 (7) 6.2 - 6.6 (7) 
          
Kav1-1 Kavala 1 - -19.0 to -14.0 (17)    318.0 - 398.0 (29) 16.9 - 21.7 (17) 
  2   - 6.3 to 6.9 (6) - 305.0 - 327.0 (6) 5.9 - 6.8 (6) 
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 Table 2 continued 
Kav2 Kavala 1 - -19.0 to -14.0 (14)    323.0 - 376.0 (21) 17.8 - 21.7 (14) 
  2   -57.3 to -57.0 (9) 6.5 to 6.9 (9) 29.0 to 31.0 (9) 311.0 - 328.0 (9) 5.9 - 6.4 (9) 
          
Kav2-7 Kavala 1 - -    344.0 - 391.0 (36) - 
  2   - 6.5 to 6.8 (9) - 312.0 - 327.0 (9) 5.9 - 6.4 (9) 
          
Kav1/2 Kavala 1 - -19.0 to -14.0 (15)    216.0 - 417.0 (26) 16.9 - 21.7 (15) 
  2   -57.3 to -57.0 (33) 6.3 to 6.9 (33) 32.7 to 33.5 (33) 285.0 - 414.0 (34) 5.9 - 6.6 (33) 
          
Kav 1/3 Kavala 1 - -19.0 to -13.0 (6)    221.0 - 420.0 (9) 16.9 - 21.7 (6) 
  2   -57.3 to -57.0 (3) 6.5 to 6.9 (3) 31.8 to 32.3 (2) 311.0 - 395.0 (5) 5.9 -6.4 (3) 
          
CH-5 Chalkero 1 -56.1 (1) -    235.1 (1) - 
          
CH-6 Chalkero 2   -56.6 (2) 5.7 to 5.8 (2) - - 7.81 - 7.97 (2) 
  3      287.7 (3) - 
          
CH-8 Chalkero 2   -56.2 to -55.6 (7) 4.2 to 6.0 (7) 27.3 to 30.0 (7) 255.7 - 309.9 (7) 7.48 - 11.43 (7) 
  3      260.4 -287.8 (2) - 
          
CH-9 Chalkero 1 -57.5 to -48.1 (11) -18.3 to -14.1 (9)    326.6 - 411.1 (11) 17.87 - 21.19 (9) 
  2   -58.1 to -56.0 (10) 4.9 to 6.7 (10) 28.0 to 31.5 (10) 304.3 - 385.6 (10) 6.29 - 9.24 (10) 
    3           280.4 - 315.3 (3) - 
Abbreviations: Tme = Eutectic ice melting temperature; Tmf = Final ice melting temperature; TmCO2 = CO2 melting temperature; TmCH4 = Clathrate melting temperature; ThCO2 = CO2 
homogenization temperature; Th = Final homogenization temperature. All data were obtained at Iowa State University except for Kav1, Kav1-1, Kav2, Kav2-7, Kav1/2, and Kav 1/3 which 
were measured at the Aristotle University of Thessaloniki. The number in parenthesis indicates the number of measurements or calculations for each analysis 
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 Table 3 
Representative electron microprobe compositions of metallic minerals in the Kavala and Chalkero veins 
wt. % 1 2 3 4 5 6 
   Cu     0.01 - 0.02 0.10 1.35 1.95 
   Sb     0.27 - 0.37 0.14 0.01 1.34 
   As     0.00 - 0.00 0.00 0.00 0.00 
   Ag     0.06 - 0.06 0.03 0.96 0.48 
   Zn     0.01 - 0.00 0.00 0.11 0.00 
   Bi     60.59 60.78 58.79 82.76 42.61 41.11 
   Se     0.16 - 0.10 0.08 0.00 0.00 
   S      5.23 4.60 4.93 18.33 16.07 16.17 
   Fe     0.13 - 1.32 0.13 0.04 0.04 
   Pb     0.08 - 0.00 0.41 37.65 38.17 
   Te     33.17 33.35 34.46 0.00 0.09 0.08 
   Au     0.00 1.33 0.00 0.00 0.00 0.00 
  Total   99.70 100.06 100.04 101.99 98.88 99.32 
       
Chemical Formula       
   Cu     0.020 - 0.032 0.162 2.309 3.283 
   Sb     0.304 - 0.414 0.121 0.005 1.182 
   As     0.000 - 0.000 0.000 0.000 0.000 
   Ag     0.075 - 0.073 0.024 0.963 0.473 
   Zn     0.015 - 0.000 0.000 0.183 0.004 
   Bi     40.225 2.07 38.334 40.567 22.159 21.093 
   Se     0.288 - 0.171 0.107 0.000 0.000 
   S      22.623 1.02 20.947 58.578 54.477 54.071 
   Fe     0.332 - 3.230 0.238 0.075 0.072 
   Pb     0.050 - 0.000 0.203 19.754 19.755 
   Te     36.067 1.86 36.800 0.000 0.075 0.067 
   Au     0.000 0.05 0.000 0.000 0.000 0.000 
  Total   5 5 5 5 9 9 
1 Tetradymite, Kavala; 2 Tetradymite, Kavala (from Melfos et al., 2008); 3 Tetradymite, Chalkero; 4 Bismuthinite, 
Kavala;  5,6 Cosalite, Chalkero  
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Table 4 
Sulfur isotope values for pyrite from the Palea Kavala district1 
Sample 
No. Location δ34S Sample No. Location δ34S 
K-1 Kavala Vein 0.26 K-21 Kavala Vein 0.52 
K-2 Kavala Vein 0.24 K-22 Kavala Vein 0.42 
K-3 Kavala Vein 0.36 K-24 Kavala Vein 0.66 
K-7 Kavala Vein -0.29 K-25 Kavala Vein 0.60 
K-8 Kavala Vein -4.68 K-26 Kavala Vein 0.58 
K-10 Kavala Vein 0.96 K-27 Kavala Vein 0.71 
K-11 Kavala Vein 0.49 K-28 Kavala Vein 0.59 
K-12 Kavala Vein 0.24 K-29 Kavala Vein 0.32 
K-13 Kavala Vein 0.56 K-31 Kavala Vein 0.29 
K-14 Kavala Vein 0.38 K-32 Kavala Vein 0.60 
K-16 Kavala Vein 0.02 CH-13 Chalkero Vein 0.16 
K-18 Kavala Vein -0.23 GL-1 Garizo Hill -0.91 
K-19 Kavala Vein 0.26 GL-2 Garizo Hill -1.93 
K-20 Kavala Vein -0.04       
1Sample GL-2 is galena 
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 Table 5 
Comparison between reduced intrusion-related gold systems and Palea Kavala deposits1 
Reduced Intrusion-Related Gold Systems Palea Kavala 
Intrusion commonly hosted in siliciclastic and, in places, carbonaceous, 
continental margin sequences overlying older continental crust, or 
metamorphosed equivalent 
Intrusion hosted in schists, gneisses, marbles, and amphibolites which are 
metasedimentary units of continental and oceanic origin that overlaid the 
Hercynian basement 
Metaluminous, subalkalic intrusions of intermediate to felsic composition; 
mostly granodiorite to granite 
Metaluminous, calc-alkaline to alkaline granodioritic pluton with 
associated diorite, tonalite, and monzodiorite 
Span the boundary between magnetite and ilmenite series Magnetite present, ilmenite reported 
Initial 87Sr/86Sr ratios from 0.709 to 0.720 Initial 87Sr/86Sr ratio of 0.7067 to 0.7079 
Accessory phases include zircon, monazite, apatite, allanite, and thorite Accessory phases include zircon, monazite, allanite, and epidote 
Formed at depths of >5km to near-surface Formed at depth of ~ 3 to 5km 
Geochemical signature: near intrusion Au, Bi, Te, W, As, Mo; peripheral Au, 
As, Sb ± Hg and/or base metals 
Geochemical signature: near intrusion Bi-Te±Pb±Sb±Au; peripheral to 
distal Fe,Mn,Au,Cu,As,Zn,Ag 
Sulfur isotopes typically 0 ± 5‰ (magmatic), unless sulfur derived from wall 
rock Sulfur isotopes range from -4.68 to +0.96‰ 
Sulfide poor, pyrite and arsenopyrite most abundant Sulfide poor (~5% vein volume), pyrite most abundant 
Carbon dioxide abundant in fluid inclusions in hydrothermal veins Carbon dioxide common in fluid inclusions 
Data for the Palea Kavala deposits from this study,  Kyriakopoulos (1987), Dinter et al. (1995), Christofides (1996), Kyriakopoulos et al. (1996), Neiva et 
al., (1996), Vavelidis et al. (1996), Vavelidis et al. (1997), Melfos et al. (2008), Vavelidis and Andreou (2008); data for reduced intrusion-related gold 
systems from McCoy et al. (1997), Thompson et al. (1999), Lang et al. (2000), Thompson and Newberry (2000), Lang and Baker (2001), Baker (2002), and 
Hart (2007); 
1 table modified after Nutt and Hofstra (2007) 
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CHAPTER 3: MINERALOGICAL, STABLE ISOTOPE, AND FLUID INCLUSION 
STUDIES OF SPATIALLY RELATED PORPHRY CU(-MO) AND EPITHERMAL AU-
TE MINERALIZATION, FAKOS PENINSULA, LIMNOS ISLAND, GREECE 
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Abstract 
The Fakos porphyry Cu-(Mo) and epithermal-style Au-Te deposit, Limnos Island, 
Greece, is hosted in ~20Ma quartz monzonite and shoshonitic subvolcanic rocks that 
intruded Paleogene sedimentary basement rocks.  Metallic mineralization formed in three 
stages in quartz and quartz-calcite veins. Early porphyry-style (Stage 1) metallic minerals 
consist of pyrite, chalcopyrite, galena, bornite, sphalerite, molybdenite and iron oxides, 
which are surrounded by halos of potassic and propylitic alteration. Stage 2 
mineralization is composed mostly of quartz-tourmaline veins associated with sericitic 
alteration, whereas stage 3, epithermal-style mineralization is characterized by 
polymetallic veins containing pyrite, chalcopyrite, sphalerite, galena, enargite, 
bournonite, tetrahedrite-tennantite, hessite, petzite, altaite, an unknown cervelleite-like 
Ag-telluride, Au-Ag alloy, and native Au. Stage 3 veins are spatially associated with 
argillic, silicic, and alunitic alteration. 
Fluid inclusions in quartz from stage 1 (porphyry-style) mineralization contain 
five types of inclusions. Type I, liquid-vapor inclusions, which homogenize at 
temperatures ranging from 189.5 to 403.3°C have salinities of 14.8 to 19.9 wt. % NaCl 
equiv. Type II, liquid-vapor-NaCl, type III liquid-vapor-NaCl-CaCl2, and type IV, liquid-
vapor-hematite±NaCl homogenize to the liquid phase at temperatures of 209.3° to 
>410.0° C, 267.6° to >410.0° C, and 357.9° to >410.0° C, respectively. The porphyry-
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style inclusions are associated with type V, vapor-rich inclusions. Stage 3 quartz contains 
two types of fluid inclusions, type I, liquid-vapor inclusions that homogenize to the liquid 
phase (191.6° to 310.0° C) with salinities of 1.40 to 9.73 wt. % NaCl equiv., and type II, 
vapor-rich inclusions. Mixing of magmatic fluids with meteoric water in the epithermal 
environment is responsible for the dilution of the ore fluids in stage 3 veins. Eutectic 
melting temperatures of -35.4° to -24.3°C for type I inclusions in both porphyry and 
epithermal veins suggest the presence of CaCl2, MgCl2, and/or FeCl2 in the magmatic- 
hydrothermal fluids. 
Sulfur isotope data from sulfides show a range in δ34S of -6.82 to -0.82 per mil 
and values overlap for porphyry and epithermal sulfides, which suggest a common sulfur 
source for the two styles of mineralization. The source of sulfur in the system was likely 
the Fakos quartz monzonite for which the isotopically light sulfur isotope values arose 
from changes in oxidation state during sulfide deposition (i.e. boiling) and/or from 
disproportionation of sulfur-rich magmatic volatiles upon cooling. It is less likely that 
sulfur was derived from the reduction of seawater sulfate or leaching of sulfides from 
sedimentary rocks given the absence of primary sulfides in sedimentary rocks in the 
vicinity of the deposit. 
Petrological, mineralogical, fluid inclusion, and sulfur isotope data indicate that 
the mineralization at Fakos Peninsula represents an early porphyry system that is 
transitional to a later intermediate- to high-sulfidation epithermal gold system. This style 
of mineralization is similar to porphyry-epithermal mineralization found elsewhere in 
northeastern Greece (e.g. Pagoni Rachi, St. Demetrios, St. Barbara, Perama Hill, 
Mavrokoryfi, and Pefka).  
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Introduction 
 Porphyry- and epithermal-style metallic ore deposits are found worldwide and are 
related to the generation of hydrous calc-alkaline and alkaline magmas in convergent 
tectonic regimes (Gustafson and Hunt, 1975; Sawkins, 1990; Hedenquist and 
Lowenstern, 1994; Tosdal and Richards, 2001; Sillitoe and Hedenquist, 2003; Heinrich et 
al., 2004; Heinrich, 2005; Seedorff et al., 2005; Simmons et al., 2005). Despite being 
geologically distinct, these two types of ore deposit share a common elemental metal 
assemblage that includes Au, Cu, and S, which constitute major global resources of both 
precious and base metals. The two styles of deposit are commonly spatially related to one 
another and, furthermore, may be temporally related (Stoffregen, 1987; Jannas et al., 
1990; Muntean et al., 1990; Arribas et al., 1995; Heinrich et al., 2004). Invariably, 
however, epithermal-style mineralization transitions to porphyry-style mineralization at 
depth (Sillitoe, 1994; Sillitoe and Hedenquist, 2003; Heinrich et al., 2004; Heinrich, 
2005). 
 In areas where these two deposit types are spatially related, the epithermal-style 
mineralization appears to have formed contemporaneous with porphyry-style 
mineralization, within the error of age-dating techniques (e.g. Far South East - Lepanto, 
Arribas, 1995; La Famatina, Losada-Calderón and McPhail, 1996) (Heinrich, 2005). 
Alternatively, it may post-date porphyry mineralization by < 1 Ma (e.g. Colquijirca 
district, Bendezu et al., 2003; Tampakan, Rohrlach, 2003) (Heinrich, 2005). 
 Post-orogenic extension and magmatism in northeastern Greece and the northern 
Aegean Sea have given rise to a broad variety of styles of hydrothermal mineralization, 
which include Pb-Zn-Ag veins, metamorphic base metal replacement, sediment-hosted 
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gold, low- to high-sulfidation epithermal gold, reduced intrusion-related gold, and 
porphyry Cu±Mo±Au deposits (e.g. Frei, 1995; Arikas and Voudouris, 1998; Kroll et al., 
2002; Melfos et al., 2002; Pe-Piper and Piper, 2002; Marchev, 2005; Voudouris, et al., 
2006; Fornadel et al., 2010). Also documented in the region are deposits, some of 
economic importance, which contain both epithermal- and porphyry-style mineralization 
(e.g. Kassiteres-Sappes area ~1.5 million tons of Au at grades of up to 18.4 g/t; 
Voudouris et al., 2006).  
 Porphyry- and epithermal-style mineralization has been reported in association 
with Miocene volcanism in the northern Aegean Sea, particularly on the islands of 
Limnos (Lemnos) and Lesbos (Lesvos) (Skarpelis et al., 1998; Voudouris and Skarpelis, 
1998; Pe-Piper and Piper, 2002; Voudouris and Alfieris, 2005; Voudouris et al., 2007). 
Skarpelis et al. (1998), Voudouris and Skarpelis (1998), and Voudouris and Alfieris 
(2005) reported Cu-Au(-Mo)-bearing porphyry-style mineralization hosted on Fakos 
Peninsula, Limnos Island, that is spatially related to epithermal-style Au-Te bearing 
veins. Neither grade nor tonnage information is known for the metallic mineralization at 
Fakos. 
Voudouris and Alfieris (2005) suggested that the metallic mineralization on Fakos 
Peninsula, herein called the Fakos prospect, may be the previously unrecognized, 
southern-most extent of the Oligocene to Miocene Serbomacedonian-Rhodope 
metallogenic belt, which hosts porphyry- and epithermal-style mineralization, and is part 
of the Alpine-Balkan-Carpathian-Dinaride metallogenic and geodynamic province 
(Heinrich and Neubauer, 2002; Marchev et al., 2005). 
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The purpose of this contribution is to evaluate the geology, mineralogy, and 
geochemistry (sulfur isotope and fluid inclusion studies) to expand on the mineralogical 
and petrological studies of Voudouris and Skarpelis (1998) and Voudouris and Alfieris 
(2005). The source of sulfur to the mineralizing system and the physicochemical 
conditions of ore formation, and microthermometric measurements of fluid inclusions 
trapped in quartz veins from both styles of mineralization elucidate changes in the 
physicochemical conditions during the formation of metallic mineralization as the 
environment transitioned from a deeper porphyry regime to a shallower epithermal 
setting.  
 
Geologic Setting 
Regional geologic setting 
 In Greece and the northern Aegean Sea, the Hellenide orogen is a discrete terrane 
of the Alpine-Himalaya deformational belt and represents a geotectonic link between the 
southern Balkan Peninsula and Turkey. It was the result of the ongoing Alpine collision 
between the African and Eurasian plates since the Mesozoic and caused thrusting and 
nappe-stacking of three continental blocks, the Apulia, the Pelagonia, and the Rhodope, 
as well as the intervening oceanic crust (Aubouin et al., 1970; Jacobshagen, 1986; Pe-
Piper and Piper, 2002; Pe-Piper et al., 2009) (Fig. 1). Subduction and duplexing of crust 
in the region occurred along a north-dipping subduction front and the last two high 
pressure metamorphic events during collision and crustal thickening have been dated at 
51 and 42 Ma (Burg et al., 1996; Ricou et al., 1998; Krohe and Mposkos, 2001; Kilias et 
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al., 2002; Marchev et al., 2005; van Hinsbergen et al., 2005; Brun and Sokoutis, 2007; 
Pe-Piper et al., 2009). 
Since the late Tertiary, the Alpine subduction front has migrated southwards 
where it forms the modern Hellenic volcanic arc (Marchev, 2005). The retreat of the 
subduction front gave rise to ongoing, large-scale regional extension within the nappe 
stack, which occurs in and along ductile shear and detachment zones and, in a brittle 
manner, along normal faults. The continental crust in northeastern Greece has dilated 
~100% since the early Miocene and is one of the most rapidly extending regions in the 
world (Makris, 1976; McKenzie, 1978; Jackson and McKenzie, 1984; Jackson, 1994; 
Dinter, 1998; Pe-Piper and Piper, 2002). The coupled migration of the subduction front 
and large-scale regional extension caused orogenic collapse and crustal thinning, as well 
as the exhumation of deep-crustal metamorphic core complexes (Lister et al., 1984; 
Killias et al. 1991, 1994, 1995, 2002; Dinter and Royden, 1993). 
The geology of northeastern Greece and the northern Aegean Sea is characterized 
by widespread late Mesozoic to mid-Cenozoic igneous activity within thrusted crustal 
blocks, which was caused by subduction-related processes associated with the Alpine 
orogeny, which has been ongoing since the Mesozoic (Pe-Piper and Piper, 2002).  
Igneous rocks of Mesozoic to Paleogene age are present in the Rhodope block; however, 
similar rocks are notably absent in the Apulia and Pelagonia blocks (Pe-Piper et al., 
2009). Eocene to Oligocene igneous activity occurred in the Rhodope block and in 
northwestern Turkey and was characterized by the intrusion of calc-alkaline I-type 
granitoids and associated calc-alkaline to shoshonitic volcanic rocks into the tectonically-
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thickened crust (Pe-Piper and Piper, 2002; Dilek and Altunkaynak, 2007; Pe-Piper et al., 
2009).  
Early Miocene volcanism in the northeastern Aegean Sea and western Turkey 
occurred to the south of the Mesozoic to early Cenozoic igneous activity of the Rhodope 
block and was coeval with large-scale regional extension (Dinter, 1998; Bonev and 
Beccaletto, 2007; Pe-Piper and Piper, 2002; Pe-Piper et al., 2009). The igneous rocks 
associated with the Early Miocene have been defined, geochemically and geographically, 
as a belt of shoshonitic volcanic rocks. (Pe-Piper and Piper, 2002; Pe-Piper et al., 2009) 
(Fig. 1). The volcanic rocks originated from large stratovolcanoes in the northeastern 
Aegean Sea, the remnants of which are present on the islands of Lesbos, Limnos, and 
Samothraki, and in western Turkey (Pe-Piper and Piper, 2002; Vlahou et al., 2006; 
Altunkaynak and Dilek, 2006; Pe-Piper et al., 2009).  
 Several possible causes for such widespread volcanic and plutonic activity have 
been proposed and include steepened geothermal gradients associated with mantle 
upwelling that was caused by the detachment and/or roll-back of the subducting slab (e.g. 
Fytikas et al., 1984; de Boorder et al., 1998; Pe-Piper et al., 1998; Kilias and Mountrakis, 
1998; Melfos et al., 1998), and as crustal thickening due to subduction (e.g. Yilmaz, 
1990). Due to a unique rare earth element (REE) enrichment, Mg- and Cr-rich 
clinopyroxene phenocrysts, and an evolved Sm-Nd isotope signature in the rocks of 
Limnos Island, Pe-Piper et al. (2009) suggested that magmas in the region incorporated 
upwelling asthenospheric mantle due to slab detachment, which, in turn, caused melting 
of metabasalts that underplated subducted continental crust.  
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Geology of Limnos Island 
 The geology of Limnos Island is characterized by a sedimentary basement that is 
largely a Paleogene basin-fill succession (Roussos et al., 1993; Innocenti et al., 1994; Pe-
Piper and Piper, 2002; Papoulis and Tsolis-Katagas, 2008; Pe-Piper et al., 2009) (Fig. 2). 
The sedimentary rocks have been interpreted alternatively as both flysch (e.g. Pe-Piper 
and Piper, 2002; Pe-Piper et al, 2009) and molasse (e.g. Voudouris and Alfieris, 2005; 
Voudouris et al., 2007).  They were deposited in a NE-SW trending postorogenic basin 
that formed as a result of normal faulting and extension during postorgenic collapse of 
the Rhodope-Sakarya orogen, and were slightly folded prior to igneous activity (Roussos 
et al., 1993; Innocenti et al., 1994; Pe-Piper and Piper, 2002; Bonev and Beccaletto, 
2007; Pe-Piper et al., 2009; Tranos, 2009; Brun and Sokoutis, 2010) 
 According to Roussos et al. (1993), the Tertiary sedimentary basement rocks can 
be delineated into two discrete units, the Upper Unit and the Lower Unit. The upper 
Eocene to lower Oligocene Lower Unit covers a majority of the island and is composed 
of siliciclastic continental slope deposits including conglomerates, sandstones, 
mudstones, claystones, and turbidites. The lower Oligocene Upper Unit is more areally 
restricted than the Lower Unit and is interpreted to have been deposited in a shallower 
environment than the Lower Unit. Lower in its section, the Upper Unit is composed of 
marine and brackish fluviodeltaic sediments including interbedded claystones and 
sandstones, sandstones, and sandy limestones. Towards the top of its exposure, the Upper 
Unit is composed of terrestrial fluvial sediments including conglomerates and sandstones. 
Roughly half of the sedimentary basement on Limnos Island is unconformably 
overlain byl Miocene volcanic rocks of the Hellenide orogen, which consist of 
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subvolcanic intrusions, lava flows, and pyroclastic deposits (Davis, 1959; Fytiakas et al., 
1980; Innocenti et al., 1994; Pe-Piper and Piper, 2002; Papoulis and Tsolis-Katagas, 
2008; Pe-Piper et al., 2009; Tranos, 2009). The volcanic centers are located in the 
western and southwestern portions of Limnos Island, where volcanic rocks overlie the 
sedimentary basement. The presence of the volcanic centers is delineated by domes and 
lava flows that are accompanied by lesser agglomerates. The sedimentary basement is 
increasingly exposed at the surface in the east and northeast of the island, distal to the 
volcanic centers.  
The volcanic rocks were divided into three units by Innocenti et al. (1994): the 
Katalakon, Romanou, and Myrina units. These rocks are early Miocene in age (21-18 
Ma) and demonstrate a calc-alkaline to shoshonitic affinity (Fytikas et al., 1979, 1984; 
Innocenti et al., 1994; Pe-Piper and Piper, 2002; Pe-Piper et al., 2009). 
The lower-most Katalakon unit consists of NW-SE trending K-rich andesitic to 
dacitic lavas. In places, it is interbedded with or is crosscut by andesitic lava flows, 
monomineralic breccias, sills, and E-W trending dikes (Innocenti et al., 1994; Pe-Piper 
and Piper, 2002). Andesite and dacite in the Katalakon unit yielded a K-Ar age of ~20-21 
Ma (Innocenti et al., 1994). The Katalakon unit is overlain by the Romanou unit that is 
composed largely of K-rich dacites and latites. At its base, the Romamou unit is 
dominated by light-colored lithic- and pumice-rich pyroclastic flows that are up to 160 m 
thick. To the west and upsection, the pyroclastic flows of the Romanou unit are 
intercalated with volcanic breccias, banakitic lavas, airfall tuffs, and terrigenous 
sediments. Ignimbrites and andesites from the Romanou unit yielded K-Ar ages of ~19.8 
Ma (Fytikas et al., 1980; Innocenti et al., 1994; Pe-Piper and Piper, 2002). The uppermost 
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volcanic unit, the Myrina unit, overlies the Romanou unit and is composed of K-rich 
dacite, with lesser amounts of andesite and trachyte, which are associated with 
monomineralic breccias, lava flows, and lahars. Lavas, dacites, and andesites of the 
Myrina unit yielded K-Ar ages of 19.3 to 18.2 Ma (Fytikas et al., 1980; Innocenti et al., 
1994; Pe-Piper and Piper, 2002).  
Both the volcanic rocks and the sedimentary basement of Limnos Island are 
intermittently overlain by a Pliocene to recent alluvial sedimentary unit that is composed 
of conglomerates, calc-arenites, and sandstones. 
Faults and joints occur in both the igneous and sedimentary rocks and gentle to 
open folds occur in the sedimentary basement rocks (Roussos et al., 1993; Innocenti et 
al., 1994; Tranos, 1998, 2009). The axes of these folds trend E-W and WSW-ENE and 
plunge gently (~11°) to the WSW (Tranos, 2009). Folding does not affect the Miocene 
volcanic rocks. 
Faults are pervasive throughout the island (up to 7 km long) and occur in three 
dominant orientations, NE-SW, ENE-WSW, and E-W. Minor populations of faults are 
oriented NNE–SSW (010–030°) and NW–SE to NNW–SSE (Tranos, 2009). These 
different orientations led Tranos (2009) to conclude that five discrete regional-scale 
deformational events were responsible for the faulting. Faults and associated 
deformational features crosscut both the sedimentary basement and the overlying 
volcanic rocks. 
Limnos Island is located in an area of the Aegean Sea that is characterized by 
moderate positive heat flow anomaly (Fytikas and Kolios, 1979). This anomaly, in 
conjunction with active hot springs found on the island, indicate that a steepened thermal 
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gradient has persisted even after the end of observable igneous activity on the island. The 
presence of hot springs on the island implies that brittle structures on the island play a 
role in conducting fluids and advecting heat from a source at depth (e.g. Norton and 
Knapp, 1977; Kerrich, 1986; Henley and Adams, 1992; Arribas, 1995). 
 
Geology of Fakos Peninsula 
 The Fakos prospect is located on Fakos Peninsula, where the area is dominated by 
two large hills, the western Tourlida Hill and the eastern Petrospitos Hill, both of which 
are ~300m in elevation. Their prominence is controlled by subvolcanic intrusions that 
were emplaced into the sedimentary host rocks (Fig. 3). The sedimentary basement on 
Fakos Peninsula is composed largely of medium-grained quartz-rich sandstones that were 
subjected to, and cemented by, a hydrothermal silicification event (Fig. 4A). Finely 
disseminated sulfides are pervasive in these sandstones. 
 The sedimentary basement rocks on Fakos Peninsula host, and are overlain by, the 
oldest volcanic and intrusive rocks found on Limnos Island, which are comprised of 
andesitic lava flows, tuffs, and trachyandestic subvolcanic intrusions of the southern-most 
exposures of the Katalakon unit (Fig. 3). At the north end of the peninsula, there is a 
small outcrop of pyroclastic rock of the Romanou unit (Roussos et al., 1993; Innocenti et 
al, 1994; Pe-Piper and Piper, 2002; Voudouris, 2006; Pe-Piper et al., 2009). Based on the 
classification scheme of Le Bas et al. (1986), the extrusive rocks on Fakos Peninsula 
range from shoshonitic andesites (latites) to trachyandesites and trachytes (Arikas and 
Voudouris, 1998; Voudouris, 2006; Pe-Piper et al., 2009). 
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 Towards the central portion of Fakos Peninsula, the extrusive and sedimentary 
basement rocks were intruded by a subvolcanic microporphyrytic quartz monzonite (the 
Fakos quartz monzonite) (Voudouris and Alfieris, 2005; Voudouris, 2006; Pe-Piper et al., 
2009) (Fig. 3). Pe-Piper et al. (2009) suggested that the Fakos quartz monzonite is 
genetically related to the emplacement of the other subvolcanic intrusions of the 
Katalakon unit. Late-stage alkaline dike swarms crosscut the Fakos quartz monzonite and 
the adjacent rocks and exhibit a dominant E-W trend (Roussos, 1993; Voudouris and 
Skarpelis, 1998; Pe-Piper and Piper, 2002; Voudouris, 2006; Kamvisis, 2010) (Fig. 4B).  
 Much of the southwestern portion of Limnos Island was subject to hydrothermal 
alteration along fault zones (Papoulis and Tsolis-Katagas, 2008). Papoulis and Tsolis-
Katagas defined four discrete zones of hydrothermal alteration based on clay mineralogy 
that were defined as smectite, illite, halloysite, and kaolinite-dickite zones. However, the 
smectite and illite zones are uncommon (Papoulis and Tsolis-Katagas, 2008).  
 The Fakos Peninsula, like the rest of Limnos Island, is crosscut by many major 
NE-SW and ENE-WSW-trending faults. These structures controlled the emplacement of 
the subvolcanic bodies and facilitated the flow of hydrothermal-magmatic fluids that 
were responsible for the metallic mineralization (Voudouris, 2006; Tranos, 2009). The 
Fakos quartz monzonite and adjacent host rocks were locally subjected to intense 
hydrothermal alteration (Voudouris and Alfieris, 2005; Voudouris, 2006; Papoulis and 
Tsolis-Katagas, 2008). 
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Samples and Analytical Methods 
 Sixty surface samples were collected of igneous and sedimentary rocks that host 
metal-bearing quartz veins for petrographic fluid inclusion, stable isotope, and electron 
microprobe studies. 
 Major oxide and trace element (including REE) compositions of 31 samples were 
obtained from ACME Analytical Laboratory, Vancouver, Canada, using inductively 
coupled plasma (ICP)-emission spectrometry (ES) and ICP-mass spectrometry (MS), 
respectively, after the samples were subjected to lithium metaborate-tetraborate fusion 
and dilute nitric acid digestion. Loss on ignition was obtained by measuring the mass 
difference of each sample prior to and subsequent to roasting at 1000° C. Total carbon 
and sulfur were measured be Leco analysis. Base metal (Cu, Pb, and Zn) and precious 
metal contents were ascertained by dissolution of samples in aqua regia followed by ICP-
MS analysis. Standards used by ACME Analytical are accurate to within ±2 percent for 
major elements and ±5 ppm for trace elements. A complete dataset of whole-rock 
analyses is given in appendix tables A1 and A2. 
Thin and polished thin sections of host rocks and veins bearing metallic minerals 
were studied with a polarizing microscope at Iowa State University and a JEOL JSM 
5600 scanning electron microprobe equipped with back-scattered imaging capabilities at 
the Department of Mineralogy and Petrology, University of Athens, Greece. The 
chemical compositions of sulfides, sulfosalts, tellurides, and native elements were 
determined with a Cameca SX 100 wavelength-dispersive electron microprobe at the 
Department of Mineralogy and Petrology, University of Hamburg, Germany. Operating 
conditions were: 20 kV and 20 nA, beam diameter <1 μm. The following X-ray lines 
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were used: AgLα, AsLα, AuMα, BiMβ, MoLβ, ReMα, CuKα, FeKα, HgMα, PbMα, SKα, 
SbLα, SeLα, TeLα, and ZnKα. Pure elements (for Re, Ag, Au, Bi, Se, and Te), pyrite, and 
chalcopyrite (for Fe, Cu, and S), galena (for Pb), molybdenite (for Mo), sphalerite (for 
Zn), HgS (For Hg), Sb2S3 (for Sb) and synthetic GaAs (for As) were used as standards. 
Electron probe microanalyses (EPMA) of silicates were obtained at the University of 
Minnesota using a JEOL 8900 Electron Micro Probe Microanalyzer. A range of mineral 
standards, including pyrope (for Si, Al, and Mg), hornblende (for Ti), ilmenite (for Fe), 
spessartine (for Mn), and apatite (for Ca) was used. Operating conditions of the 
instrument were an accelerating voltage of 15 kV and a beam current of 20 nA. 
Representative metallic mineral analyses are given in Table 1 and representative silicate 
mineral analyses are given in Table 2. A complete data set of metallic mineral chemistry 
is given in appendix tables A4 through A6 and for silicate minerals in appendix tables A7 
through A9. 
Fluid inclusion microthermometric data were obtained on Fluid Inc.-adapted 
USGS gas-flow heating-freezing stages at Iowa State University and at the University of 
Athens. The estimated precision of the USGS gas-flow stage for freezing and heating 
measurements is ±0.5°C and ±2°C, respectively. Two or three measurements were made 
on each inclusion. The stages and thermocouple were calibrated by using synthetic fluid 
inclusions, organic standards with known melting points, and ice (H2O). Fluid 
compositions and properties as well as the construction of isochores were derived from 
the computer programs MacFlinCor (Brown and Hagemann, 1994) and FLUIDS (Bakker, 
2003). Depth of fluid inclusion entrapment was also estimated using the calculations of 
Haas (1971), whereas salinities were determined using the equations of Bodnar and Vityk 
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(1994).  Due to limitations of the fluid inclusion stage and microscope at Iowa State 
University, heating runs were restricted to a maximum temperature of ~410° C. 
Microthermometric data are given in Tables 3 and 4 and in appendix tables A10 and A11. 
Sulfides and sulfate for sulfur isotope analysis were separated from their host rock 
by hand-picking and/or subject to density separation (i.e. panning) due to the fine-grained 
scale and disseminated style of mineralization. All samples were hand-crushed for 
purification and measured at the Stable Isotope Research Facility at Indiana University 
(SIRF-Indiana) using a Finnigan MAT 252 mass spectrometer.  The SIRF sulfur isotope 
instrument has an elemental analyzer (EA) inlet that is well calibrated for samples 
containing between 0.1 and 1 micromole of sulfur in the form of BaSO4 and Ag2S to 
ensure accuracy.  Details of the analytical method are given in Lefticariu et al. (2006).  
Sulfur isotope ratios were measured relative to Vienna Cañon Diablo troilite (V-CDT) 
and are given in Table 5.  
 
Mineralogy and Petrochemistry of Rocks at Fakos 
 The rocks on Fakos Peninsula are weakly to strongly altered, of which the least 
altered were selected for geochemical analysis in this study to complement a detailed 
study of the petrography and geochemistry of the igneous rocks that are hosted on Fakos 
Peninsula conducted by Pe-Piper et al. (2009). 
 Silicified sandstones, which host or are overlain by the volcanic and subvolcanic 
rocks on the Fakos Peninsula, are dominantly quartz with minor amounts of feldspar. 
They contain finely disseminated grains of sulfides (>90% pyrite) along with lesser 
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amounts of molybdenite, sphalerite, and galena. They contain between 72.2 and 89.2 wt. 
% SiO2, 8.8 to 820 ppm Cu, and 31.3 to 2987 ppb Au. 
 The Fakos quartz monzonite (e.g. Voudouris and Alfieris, 2005; Voudouris, 2006; 
Pe-Piper et al., 2009; Kamvisis 2010) consists of euhedral to subhedral phenocrysts, in 
roughly equal proportions, of plagioclase (predominantly andesine, some reversed zoned 
with An32 cores and An43 rims, along with with minor albite) and K-feldspar with 
subordinate quartz, phlogopitic biotite (Annite27-33), pale-green / brown actinolite, and 
minor diopside, which, in places, is altered to hornblende (Pe-Piper et al., 2009) (Fig. 5) 
Clinopyroxene is zoned with Mg-enriched cores and Fe-enriched rims (Pe-Piper et al., 
2009). Oscillatory zoning is pervasive in plagioclase phenocrysts and K-feldspar is 
variably altered to white mica. Minor accessory and alteration phases include epidote, 
apatite, titanite, zircon, magnetite, and titanomagnetite (Pe-Piper et al., 2009).  
 Dark-colored quartz monzonitic and syenitic dikes, which crosscut the Fakos 
quartz monzonite, consist predominantly of equigranular and euhedral plagioclase 
feldspar intergrown with subordinate amounts of quartz, phlogopitic biotite (Annite31-33), 
pale-colored magnesio-hornblende, K-feldspar and magnetite (Fig. 5). The plagioclase is 
altered to white mica and, in places, to spherulitic sericite. 
 One sample of a dark-colored, porphyrytic quartz monzonite spatially related to 
the pale-colored Fakos quartz monzonite is composed of euhedral phenocrysts of 
plagioclase and K-feldspar, where plagioclase > K-feldsar, with lesser proportions of 
euhedral to subhedral phenocrysts of biotite and pale-green to brown actinolite (Fig. 5). 
The groundmass contains quartz, plagioclase, and magnetite.  
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 The Fakos quartz monzonite contains between 58.7 and 69.7 wt. percent SiO2 and 
7.7 to 9.4 wt. percent Na2O + K2O where K2O > Na2O. Based on the total alkali-silica 
diagram of Le Bas et al. (1986), samples of the Fakos quartz monzonite from this study 
and from Pe-Piper et al. (2009) span the alkaline–sub-alkaline bound defined by 
Miyashiro (1978) and is chemically equivalent to trachyte, trachyandesite, and 
trachydacite; one sample plots as the equivalent of a rhyolite (Fig. 6). Based on the total 
alkali-silica classification of Middlemost (1994) for plutonic rocks, samples of Fakos 
quartz monzonite plot as quartz monzonite, monzonite, granite, and quartz syenite (Fig. 
7). The majority of the samples are quartz monzonitic and the wide range in silica content 
is thought to be a function of the various degrees of alteration to which the Fakos quartz 
monzonite was subjected. The Fakos quartz monzonite contains 15 to 514 ppm Cu and 4 
to 31 ppb Au. 
 Two dikes that crosscut the Fakos quartz monzonite contain 57.5 and 59.2 wt. 
percent SiO2 and 7.7 and 8.4 wt. percent Na2O + K2O where K2O > Na2O, although they 
contained less K2O, and generally more MgO than samples of Fakos quartz monzonite. 
They span the alkaline–sub-alkaline boundary defined by Miyashiro (1978) and are 
characterized as trachydacite and trachyandesite, and as syenite and quartz monzonite 
according to Le Bas (1986) (Fig. 6) and Middlemost (1994), respectively (Fig. 7). The 
dikes contain 46 to 126 ppm Cu and 4.6 to 6.4 ppb Au. 
 The porphyrytic, more mafic phase of the Fakos quartz monzonite contains 
59.48% wt. percent SiO2 and 7.2% wt. percent Na2O and K2O; the alkalis are in roughly 
equal proportion. It is sub-alkaline, according to Miyashiro (1978), and is classified as a 
trachydacite according to Le Bas (1986) (Fig. 6) and plots near the quartz monzonite–
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quartz monzodiorite join defined by Middlemost (1994) (Fig. 7). It contains 30 ppm Cu 
and 7.5 ppb Au. 
 All samples of igneous rocks from Fakos Peninsula (this study, and those of Pe-
Piper et al., 2009), show a shononitic affinity (Peccerillo and Taylor, 1976), which is 
similar to other porphyry-epithermal systems, such as the Emperor and Tuvatu Au-Ag-Te 
deposits, Fiji; Ladolam, Papua New Guinea; and the Golden Sunlight deposit, Montana, 
United States (Setterfield, 1991; Setterfield et al., 1991; Eaton and Setterfield, 1993;  
Spry et al., 1996; Müller et al., 2001; Müller et al., 2002; Scherbarth and Spry, 2006) 
(Fig. 8). A plot of Rb versus Y+Nb show that these rocks are volcanic arc granites, which 
were generated as a result of the subduction of oceanic crust at an active continental 
margin (Pearce et al., 1984) (Fig. 9). Chondrite-normalized REE patterns of the igneous 
rocks hosted from Fakos Peninsula show extreme enrichment in light REE and depletion 
in heavy REE and no Eu anomalies (Fig. 10). The general shape of the REE patterns is 
similar to those of alkaline intrusive rocks at Tuvatu and Ladolam as well as the Porgera 
gold deposit, Papua New Guinea; however, the rocks at Fakos are enriched in light REE 
relative to those at the other locations (Scherbarth and Spry, 2006; Richards, 1990; 
Lottermoser, 1990; Müller et al., 2002; Pe-Piper et al., 2009). Trace element 
discrimination (spider) diagrams of the same rocks demonstrate a distinctly different 
pattern when compared to those obtained from alkaline intrusive rocks at Tuvatu 
(Scherbarth and Spry, 2006), Emperor (Setterfield, 1991), and Porgera (Richards et al., 
1990) (Fig. 11). This study and that undertaken by Pe-Piper et al. (2009) demonstrate that 
the rocks at Fakos are highly enriched in large ion lithophile elements (LILE), such as 
Rb, Ba, Th, U, and K, relative to REE and high field strength elements (HFSE), such as 
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Nb, Ta, and Ti. Based on geochemical and mineralogical data, as well as mass-balance 
modeling, Pe-Piper et al. (2009) argued that the melting of underplated metabasaltic 
amphibolites by advected mantle-derived basaltic magma at a temperature of >950°C was 
the mechanism that produced the enrichment of light REE, LILE, and HFSE and the 
generation of magmas with < 65 wt. percent SiO2 at Fakos. The negative spikes 
associated with Nb, Ta, and Ti are inferred to represent the retention of those elements 
within the underplated basalt during partial melting (Pe-Piper et al., 2009). The 
geochemical patterns observed for the Fakos quartz monzonite, which are similar to the 
dikes that crosscut it, as well as those reported from elsewhere on Limnos Island by Pe-
Piper et al. (2009) suggest that all of the igneous rocks were sourced from the same 
underplating basaltic amphibolite. Whereas the REE and trace element patterns here are 
different from those reported for other porphyry-epithermal systems (e.g. Tuvatu, 
Scherbarth and Spry, 2006; Emperor, Eaton and Setterfield, 1994), they are broadly 
similar to other igneous systems in the Aegean, which suggests a common regional-scale 
process that led to elemental enrichment and depletion with, local-scale differences in 
petrogenetic processes (Pe-Piper et al., 2009). 
 
Metallic Mineralization 
 Metallic mineralization at the Fakos prospect formed in three stages (Voudouris 
and Alfieris, 2005) (Fig. 12). An early porphyry stage (Stage 1) mineralization is 
comprised of clear or grey quartz veinlets (A- and B-type, using the terminology of 
Seedorff et al., 2005) and stockworks hosted in the Fakos quartz monzonite and the 
surrounding sedimentary rocks (Fig. 4 C, D). The quartz veinlets are surrounded by K-
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silicate alteration haloes that are composed of K-feldspar, biotite, apatite, and magnetite 
(Fig. 4E). Hypogene mineralization consists of iron oxides (magnetite and hematite) and 
minor amounts of sulfides, including bornite, chalcopyrite, pyrite, galena, and sphalerite, 
which occur as disseminations and fracture-fillings in quartz veinlets. Cross-cutting and 
overgrowth relationships between metallic minerals suggest that magnetite, chalcopyrite 
and bornite formed first, followed by pyrite, hematite, galena, and sphalerite (Fig. 13A).  
 Stage 2 and 3 mineralization are hosted by a series of E-W trending parallel and 
sub-parallel siliceous brecciated fault zones that cross-cut the preexisting A- and B-type 
veins and attendant K-silicate alteration haloes (Fig. 4F). The vein system extends over 
an area of ~2 km2 and is hosted within subvolcanic, volcanic, and sedimentary rocks and 
is comprised of black tourmaline veins (stage 2) and breccias associated with minor 
amounts of pyrite and arsenopyrite (Fig. 4G,H; 14A). These veins are crosscut by the 
stage 3 mineralization, which consists of polymetallic quartz ± barite veins, which 
contain sulfides, sulfosalts, tellurides, and electrum (Voudouris and Skarpelis, 1998) (Fig. 
13B-F; 14B). Both vein types are related to quartz–sericite–tourmaline–pyrite alteration 
of host rocks. Stage 2 mineralization represents a transition between early (stage 1) 
porphyry-style mineralization and later (stage 3) epithermal mineralization. 
 Stage 2 and 3 mineralization is subdivided into two geographic and mineralogic 
zones: the western ore zone, which is hosted by sandstones and extrusive rocks, and the 
eastern ore zone, which is hosted by the Fakos quartz monzonite and sandstones. The 
western ore zone is bounded from north to south by two faults, which strike N70°E. 
Mineralization in the western ore zone occurs in three vein systems that strike N55°W 
and is ~1.5 km long and 400m wide. In the central part of this ore zone, the N55°W 
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striking veins are crosscut by a system of quartz veins (~1 km long and ~80 m wide) that 
strike N70°E. The vein system in the western ore zone is characterized by veins, vein 
breccias, and vein stockworks, which crosscut massive silica bodies (up to 2 m wide) that 
we interpret to be the lower part of a zone of silicic alteration. Gray to white, massive to 
fine-grained quartz is the dominant vein gangue mineral along with white chalcedony, 
and clear, idiomorphic comb quartz. In the upper parts of the vein system, quartz is 
accompanied by barite, which occurs as tabular intergrowths with quartz. Other gangue 
minerals include sericite, smectite, minor chlorite, and tourmaline.  
 Metallic minerals in the western ore zone are oxidized, as denoted by the 
abundance of iron oxides (i.e. limonite, goethite) in the vein material, and largely 
disseminated in the vein matrix, although locally it forms ≥1 cm wide aggregates or 
infillings. The polymetallic, precious-metal-rich mineralization occurs in the lower 
stratigraphic levels of the ore zone and is related to centimeter- to meter-scale wide veins 
and vein breccias, which are hosted within sandstones and adjacent intrusive rocks. The 
veins are characterized by open space filling and locally occurring crustification banding. 
The metallic minerals include pyrite, chalcopyrite, sphalerite, galena, arsenopyrite, 
tetrahedrite, bournonite, hessite, altaite, and native gold.  
 Mineralization in the eastern ore zone is primarily a quartz vein system developed 
in the monzonite porphyry and adjacent sandstones. It strikes variably from N70°E to E-
W and is ~2 km long and 10 to 300 m wide. The vein system is characterized by milky 
quartz, which cements black massive silica and ore minerals in veins and/or vein breccias 
that crosscut silicic alteration zones and the surrounding host rocks. The veins also 
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contain minor amounts of tourmaline, barite, and sericite. Ore minerals in the eastern ore 
zone include galena, sphalerite, arsenopyrite, and bournonite.  
A well-defined lateral and vertical zoning occurs in the vein-type mineralization. 
At higher topographic levels, veins are dominated by milky quartz and sericite are 
surrounded by a sericitic alteration halo. The meter- to centimeter-scale thickness of the 
veins decreases with decreasing elevation where, at lower levels, the quartz veins include 
smectite and chlorite, which, in turn, are surrounded by an argillic alteration halo. 
Tourmaline occurs throughout the vertical extent of the ore system, both in the veins and 
the altered host rocks of the eastern ore zone and the eastern-portion of the western ore 
zone, proximal to the quartz monzonite. Barite occurs throughout the vertical interval but 
is more abundant at higher elevations.  
Paragenetic relationships of minerals within the stage 3, polymetallic quartz veins 
suggest initial (Stage 3a) deposition of pyrite, Fe-poor sphalerite, minor enargite, and 
bornite.  Pyrite is hydrothermally brecciated and corroded and contains small inclusions 
(up to 3 mm in length) of enargite and bornite. Metallic minerals occur as the matrix of 
hydrothermal breccias where they cement angular silicified fragments or occur as semi-
massive forms in the veins. The gangue minerals include quartz, sericite, smectite, barite, 
tourmaline, and late-stage calcite. 
Stage 3b mineralization consists of pyrite and Fe-rich sphalerite followed by Cu-
rich mineralization (tetrahedrite, chalcopyrite, and bournonite), which is accompanied by 
galena, pyrite, sphalerite, altaite, and native gold (Fig. 13B-C). Metallic minerals are 
hosted by milky quartz that contains vuggy infillings of idiomorphic quartz and calcite. 
Other minerals include tennantite-tetrahedrite, chalcopyrite, bournonite, and galena, as 
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well as minor hessite, petzite, electrum, and an unnamed Ag-sulfotelluride (a cervelleite-
like mineral). 
Sphalerite from stage 3b displays chalcopyrite disease as a result of its interaction 
with Cu-rich fluids (e.g., Sugaki et al., 1987; Eldridge et al., 1988). Bournonite is 
intergrown with galena (Fig. 13D). The tellurides, altaite, hessite, and petzite, occur as 
inclusions in galena, bournonite, tetrahedrite, and chalcopyrite (Fig. 13E). Hessite and 
altaite occur as small grains (up to 30 μm) in galena and tetrahedrite while Te-rich 
tetrahedrite occurs as small grains within galena (Fig. 13F). Hessite contains inclusions 
(< 2 μm) of native gold. 
 
Hydrothermal Alteration 
The Fakos prospect is characterized by intense and widespread hydrothermal 
alteration (potassic, propylitic, sericitic-argillic, alunitic, and silicic) of the enclosing 
igneous and sedimentary rocks (Fig. 3). It is noted here that fault- and vein-controlled 
epithermal-style alteration overprints zones of potassic alteration spatially associated with 
the earlier-formed porphyry system. 
 
Potassic Alteration 
 Potassic alteration occurs in the eastern part of the Fakos prospect spatially 
associated with the Fakos quartz monzonite where it is pervasive on the scale of 10s of 
meters. It is the oldest style alteration in the area (likely contemporaneous with the 
propylitic alteration) and consists of quartz, orthoclase, biotite, magnetite, pyrite, and 
chalcopyrite, which occurs within stockwork quartz veins that crosscut the quartz 
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monzonite and/or are disseminated within the altered rock. Hydrothermal biotite and 
feldspar replaced phenocrysts of primary minerals in the Fakos quartz monzonite, such as 
magmatic feldspars, amphiboles, and pyroxenes, and are or occur in the rock matrix (Fig. 
14C). Magnetite is particularly abundant in quartz veins and in rock fissures and is 
typically associated with minor amounts of pyrite, chalcopyrite, and malachite. 
 
Propylitic Alteration 
 Propylitic alteration surrounds the potassic alteration zone and occurs in all rock 
types with the exception of tuffs. It is characterized by chlorite, albite, epidote, calcite, 
sericite, pyrite, actinolite, apatite, and titanite, which occur as pseudomorphs after 
feldspars, amphiboles, and pyroxenes, and also as intergrowths within the rock matrix. 
 
Sericitic-Argillic Alteration 
 Vein-controlled (10s of cm to m scale halos) and pervasive sericitic and argillic 
alteration overprint the postassic and propylitic alteration zones. The sericitic alteration 
zone is characterized by sericite, quartz, pyrite, and tourmaline. Tourmaline is found in 
both the quartz monzonite porphyry as coarse-grained and radiating crystals that are 
surrounded by a sericitic halo, as well as in sedimentary rocks in the southern part of the 
study area where it is disseminated in the rock matrix or is intergrown with sericite and 
quartz in the mineralized veins associated with early (stage 3) epithermal-style 
mineralization (Fig. 4G, H). Pervasive sericitic alteration of lavas and tuffs is present 
over a large area between Tourlida and Petrospitos hills, below an alunite zone. In the 
southern part of the study area, sericitic alteration is dominantly vein-controlled and is 
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related to the sediment- and porphyry-hosted mineralized quartz veins. In places, where 
abundant quartz veins are present, the sericitically altered rock is typically brecciated and 
crosscut by quartz veinlets. 
 The argillic alteration zone is also present in the southern part of the study area 
where it occurs in the deepest parts of the mineralized veins and is gradational to sericitic 
alteration. It is characterized by smectite, sericite, chlorite, quartz, pyrite, and, in places, 
tourmaline. 
 
Alunitic Alteration 
 Alunitic alteration forms part of a lithocap in the western and northwestern parts 
of the prospect. It is characterized by alunite, quartz, kaolinite, and pyrite (Fig. 14D,E). In 
places, ≤ 300 μm long acicular alunite replaced plagioclase, amphiboles, biotite, and 
pyroxene phenocrysts. Elsewhere, fine-grained alunite is abundant in the rock matrix in 
association with microcrystalline quartz and disseminated pyrite. The alunitic zone is 
spatially related to the silicic alteration zone and is transitional, laterally and vertically, to 
the sericitic-argillic alteration zone. The alunitic alteration zone, as well as the 
topographically higher silicic alteration zone, is crosscut by hydrothermal breccias in 
which alunitized rock fragments are surrounded and cemented by iron oxides. Alunite 
also occurs in veins, which consist of alunite, sulfur, and tridymite/cristobalite that 
crosscut sericitized rock in the northern part of the study area.  
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Silicic Alteration 
 Silicic alteration of lavas and tuffs and silica caps dominate the northern part of 
the study area and are particularly well-exposed on the Tourlida and Petrospitas hills. The 
wedge-shaped silicic alteration zones occur above the alunitic zones and their geometry is 
structurally controlled by E-W-trending fault systems. This type of alteration consists of 
microcrystalline quartz along with disseminated pyrite, marcasite, and subordinate 
amounts of alunite, zircon, and anatase. Two types of silicic alteration are present: 1) a 
vuggy, residual type (herein called vuggy) from which elements other than Si were 
leached; and 2) a massive type that resulted from silica addition to the rock (herein called 
massive). Voids within the vuggy silicic alteration are infilled with euhedral crystals of 
quartz and barite (Fig. 14F). In deeper parts of the silicic alteration zone, massive silicic 
alteration predominates and is transitional to vein-related silicic alteration, where it is 
accompanied by sericitic and argillic alteration of wallrock. The zones of silicic alteration 
on Tourlida and Petrospidas hills are crosscut by several hydrothermally brecciated 
bodies that consist of angular silicified rock fragments hosted in a matrix rich in iron 
oxides. 
 
Results 
Mineralogy 
Sulfides Sphalerite from stage 3a contains very minor Fe content (0.04 to 0.13 wt. 
%), no Mn (< 0.02 wt. %) and between 0.22 and 0.28 wt. % Cd, whereas sphalerite from 
stage 3b is Mn-rich (0.33 to 1.16 wt. %) and contains between 0.34 and 0.46 wt. % Cd. 
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The Fe content of stage 3b sphalerite is higher relative to that from stage 3a, and ranges 
from 0.23 to 1.57 wt. % Fe (Table 5). 
 
Sulfosalts Tetrahedrite-tennantite occurs in lower elevations of the western 
mineralization zone where it contains variable amounts of Zn (0.19 and 9.22 wt. % Zn). 
Although no correlation occurs between Ag and Sb, there is a negative correlation 
between Cu and Ag content, indicating substitution of Cu by Ag (Table 5).  
 Tellurium-rich tetrahedrite contains 7.8 to 8.5 wt. % Te, in which Te substitutes 
for Sb (+As). Its Ag content is relatively low and varies between 0.35 and 0.51 wt. %. 
The Zn-content is much lower than that reported for the Zn-bearing tetrahedrite (< 3.5 wt. 
%). Sn (up to 0.17 wt. %) and Hg (up to 0.23 wt. %) were detected but are close to 
detection limits. 
 Samples containing bournonite were collected from the lower elevations of the 
western ore zone and from the upper and lower elevations of the eastern ore zone. 
Bournonite contains between 0.21 and 7.58 wt. % As and up to 0.86 wt. % Zn (Table 5). 
 
Precious Metal Minerals Hessite contains up to 62.26 wt. % Ag whereas petzite 
shows a composition intermediate between end-member petzite and the x-phase, where it 
occurs as small (1 μm) grains surrounding hessite (Table 5). It contains up to 19.9 wt. % 
Au and is likely an artifact of Au migration during analyses as described by Rucklidge 
and Stumpfl (1967). An unknown sulfotelluride occurs in contact with hessite and 
contains 5 wt. % S, 68 wt. % Ag, and 28 wt. % Te. It is a cervelleite-like mineral with 
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composition approaching Ag3(TeS)2. Au-Ag alloy has Ag contents ranging from 22.4 to 
22.7 wt. % and is intergrown with hessite and petzite. 
 
 
Fluid Inclusions 
 Fluid inclusion microthermometric analyses were done on doubly-polished ~100 
μm thick wafers of quartz intergrown with sulfides, tellurides, sulfosalts, and precious 
metals. Twenty-five wafers were prepared for analysis, of which 13 contained fluid 
inclusions suitable for heating and freezing studies. The samples that were not 
appropriate for analysis were largely recrystallized and contained few fluid inclusions. 
The goals of the fluid inclusion studies were to determine the salinity of the ore-forming 
fluids, conditions of vein emplacement, depth of vein formation, and potential causes for 
ore deposition. 
Fluid inclusions were selected for analysis based on the criteria suggested by 
Audétat and Günther (1999) in order to minimize the potential for measuring inclusions 
that were subjected to post-entrapment modification. Based on the classification of 
Goldstein and Reynolds (1994), the fluid inclusions in quartz from the Fakos prospect 
demonstrate two distinct fluid inclusion assemblages (FIA), which were determined by 
phase proportion at room temperature. The two FIA are related to the two different types 
of metallic mineralization on Fakos peninsula (i.e. porphyry and epithermal). 
Determination of vein-emplacement stages based on cross-cutting relationships 
was limited due to the lack of drill-core samples and minimal field exposure. Therefore, 
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the FIA denoted in this study could not be further subdivided based on discrete vein 
stages (e.g. Klemm et al., 2007; Valencia et al., 2008; Pudack et al., 2009). 
Fluid inclusion assemblage 1 (FIA-1) consists of two types of inclusions: Type I, 
two-phase liquid-vapor inclusions (~70-80% liquid) which homogenized to the liquid 
phase, and type II, two-phase vapor-rich inclusions (≤ 5% liquid) (Fig. 15A,B). 
Inclusions of both types are up to 50 μm in length, but are predominantly in the 20-30 μm 
range. Due to the small size and volume of liquid, homogenization temperatures for type 
II inclusions could not be measured. The inclusions are generally rounded and evenly 
distributed throughout the sample and the ratio between type I and type II inclusions is 
approximately 4:1. In places, they are crosscut by healed fractures that contain small 
secondary inclusions (≤5 μm in length), which were not analyzed. 
FIA 2 occurs in quartz veins that occur in rocks that are potassically altered to 
varying degrees which contain five types of primary inclusions that coexist with each 
other: type I, two-phase aqueous liquid-vapor (~60-70% liquid); type II, three-phase 
liquid-vapor-solid, in which the solid was NaCl or CaCl2 (~50% liquid); type III, four-
phase liquid-vapor-NaCl-CaCl2 (~40% liquid); type IV, four-phase liquid-vapor-
hematite-(± NaCl ± CaCl2) (~40% liquid), and type V, two-phase vapor rich (≤ 5% 
liquid) (Fig. 15B-F). Type III inclusions occur in most samples, but have low relative 
abundance compared to the other fluid inclusion types, whereas type IV inclusions were 
present in many samples, although they were generally too small to analyze accurately. 
Types I to IV inclusions homogenize into the liquid phase. Type V inclusions contain ≤ 5 
% liquid by volume and the liquid meniscus could not be resolved and therefore, type V 
inclusions were not subject to heating and freezing experiments. All five types of 
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inclusions are similar in size, the majority ranging from 25-35 μm in length (up to ~60 
μm). Inclusions in FIA 2 are rounded and evenly distributed throughout the sample. The 
largest inclusions are rare, but are dominantly irregularly-shaped two-phase liquid-vapor 
that show evidence for leaking or post-entrapment modification. As with the other 
recognized FIA, planes of small secondary inclusions crosscut the primary assemblage in 
places, but were not subject to further study. 
Homogenization temperatures (Th) for type I, two-phase liquid-vapor fluid 
inclusions from FIA 1 range from 191.6° to 310.0° C (n = 96). The salinity of these 
inclusions was determined based on freezing point depression and ranges from 1.40 to 
9.73 wt. percent NaCl equivalent (Bodnar and Vytik, 1994). All but five inclusions range 
from 1.40 to 6.01 wt. percent NaCl equivalent (Fig. 16, 17). The average salinity of 96 
inclusions is 3.86 wt. percent NaCl equivalent with a 2σ of 2.85 wt. percent NaCl 
equivalent. Eutectic melting temperatures range from -33.5° to -25.1° C, which indicates 
that the fluid inclusions contain appreciable quantities of CaCl2, MgCl2, and/or FeCl2 in 
addition to NaCl (Crawford, 1981; Roedder, 1984; Goldstein and Reynolds, 1994; 
Samson and Walker, 2000).  
Homogenization temperatures for type I, two-phase liquid vapor inclusions from 
FIA 2 range from 189.5° to 403.3° C (n = 40). The salinity of these inclusions ranges 
from 14.77 to 19.92 wt. percent NaCl equivalent (average = 17.07, 2σ = 3.34) (Fig. 16, 
17). Eutectic melting temperatures range from -35.4° to -24.3° C, which indicates the 
presence of other chloride compounds in addition to NaCl. 
Values of Th for type II and type III fluid inclusions range from 209.3° to > 410.0° 
C (n = 32) and 267.6° to > 410.0° C (n=13), respectively. Type IV, hematite-bearing fluid 
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inclusions, show Th of from 200.4° to > 410.0° C, but they generally have values of Th 
higher than other fluid inclusion types (Fig. 17). 
The daughter crystals in type II, III, and IV inclusions from FIA 2 persisted after 
liquid-vapor homogenization and shrank with increasing temperatures, but none 
dissolved at the highest temperatures to which heating runs were conducted (~410.0° C). 
Because the temperature of daughter crystal dissolution could not be determined, only the 
minimum salinity for those inclusions can be estimated. Based on the halite solubility 
calculations of Sterner et al. (1988), the salinity for a fluid inclusion which contains solid 
halite at a temperature of 410° C is 46.7 wt. percent, assuming pure NaCl in solution and 
realizing the caveat that this equation is valid only for halite in vapor-saturated conditions 
(i.e. liquid-vapor and halite daughter crystal homogenization occur at the same 
temperatures) and that halite in these inclusions persisted beyond the temperatures of 
liquid-vapor homogenization (Sterner et al., 1988; Samson et al., 2003). 
The depth at which metallic mineralization formed at Fakos Peninsula is 
unknown, but can be estimated using the criteria of Haas (1971); however, these 
estimates are only valid for type 1 liquid-vapor inclusions. These limitations preclude 
estimates of entrapment depth for the highest salinity (>46 wt. % NaCl equiv.), highest 
temperature (>410° C) fluid inclusions from FIA 2. The presence of the low salinity 
fluids that homogenize from ~190° to 310° C in FIA 1 indicate depths of crystallization 
ranging from approximately 200 m to 1100 m. The high salinity, higher temperature 
inclusions in FIA 2 indicate entrapment depths ranging from approximately 650 m to 
>1200 m.  Based on the coexistence of liquid- and vapor-rich fluid inclusions, the 
metallic mineralization formed under a hydrostatic pressure regime.  
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Sulfur Isotopes 
 Sulfur isotope analyses were obtained from eight samples of pyrite, three samples 
of galena, and two samples of sphalerite. Of those samples, nine were associated with 
epithermal style mineralization and four were from porphyry style mineralization. Sulfur 
isotope ratios were standardized to Vienna-Cañon Diablo Troilite (V-CDT). 
 Values of δ34S for sulfides from epithermal-style mineralization range from -5.26 
to -2.18 per mil. Pyrite ranges from -5.26 to -2.18 (n = 4), galena ranges from -4.68 to 
1.71 (n = 3), and two analyses of epithermal sphalerite have values of -4.10 and -2.84 per 
mil (Fig. 18). 
 Pyrite associated with porphyry style mineralization has δ34S values that range 
from -6.82 to -0.82 per mil (n = 4). With the exception of one outlier, the values range 
from -2.41 to -0.82 per mil (Fig. 18). 
 
Discussion 
 The earliest hydrothermal activity on Fakos Peninsula (stage 1) resulted directly 
from the relatively shallow emplacement of the Fakos quartz monzonite and caused 
associated potassic and propylitic alteration. It is surmised that as the magma ascended 
through the crust, it became saturated with volatiles, causing exsolution of the coexisting, 
high-salinity, aqueous and vapor-rich fluids that are contained within FIA 2. The 
characteristics of FIA 2 are common among fluid inclusions and fluid inclusion 
assemblages observed in other porphyry-style systems (e.g. Roedder, 1971). 
 Metallic minerals associated with the stage 1, porphyry-style hydrothermal-
magmatic event include pyrite, chalcopyrite, bornite, molybdenite, sphalerite, magnetite, 
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and hematite. Epithermal metallic mineralization in stage 3 consists of base metal 
sulfides (pyrite, chalcopyrite, sphalerite, and galena) as well as sulfosalts (enargite, 
bournonite, tetrahedrite-tennantite), precious-metal tellurides (hessite, petzite, altaite, and 
an unknown Ag-telluride), Au-Ag alloy, and native Au. 
Homogenization temperatures suggest that early hydrothermal fluids were 
responsible for mineralization at temperatures ranging from ~200° to greater than 410° C. 
Coexistence of aqueous fluid inclusions devoid of daughter crystals and aqueous fluid 
inclusions containing daughter crystals along with vapor-rich inclusions in FIA 2 
suggests that ore fluids underwent phase separation (i.e. boiling) at depths of 650 to 
>1200 m at the time of entrapment. This coexistence is also indicative of fluid saturation 
within the source pluton (Roedder, 1984; Frezzotti et al., 1992; Bodnar 1995; Webster, 
1997; and Hedenquist et al., 1997). The lack of CO2 trapped in fluid inclusions associated 
with the early mineralization style is likely due to the shallow emplacement depth and the 
water content of the magma as CO2 solubility is proportional to pressure and inversely 
proportional to the H2O content of the magma (Blank et al., 1993; Blank and Brooker, 
1994; Lowenstern, 2001). 
A second pulse of hydrothermal fluid circulation is inferred by the fluids 
contained in FIA 1, which consist of coexisting low-salinity aqueous inclusions and 
vapor-rich inclusions that homogenized, generally, at temperatures lower than those 
hosted in FIA 2 (~190° to 310° C). As with FIA 2, the coexistence of two fluid phases 
indicated phase separation at the time of crystallization of the quartz veins at depths of 
~200 to 1100 m. During a quiescent period between hydrothermal events at Fakos, 
meteoric waters percolated through the sedimentary basement, primarily along fault 
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zones. Mixing between meteoric and magmatic fluids diluted the ore fluids represented 
by this FIA and, as such, they have a significantly lower salinity and they homogenize at 
lower temperatures than those in FIA 2. Partitioning of ore fluids into liquid and vapor 
phases likely led to the enriched Au and Te content of the epithermal-style veins (e.g. 
Heinrich et al., 1999). 
Due to the bimodal distribution of salinity data calculated from inclusions in FIA 
1 and FIA 2 and, to a lesser extent, homogenization temperatures, the fluid inclusion 
assemblages are interpreted to have formed from and provide evidence for at least two 
discrete pulses of ore-bearing hydrothermal fluid that exhibit differing degrees of mixing 
between hydrothermal and magmatic fluids. However, the paragenetic sequence for the 
Fakos prospect, which is based on petrographic observations, suggests another stage of 
mineralization (stage 2), for which interpretable fluid inclusions were not available. Stage 
2 mineralization is metal-poor and consists of quartz, tourmaline, and Fe-oxides. 
The host rocks on the Fakos Peninsula display an alteration pattern that is similar 
to those spatially related porphyry-epithermal systems elsewhere (e.g. Meyer and 
Hemley, 1967; Lowell and Guilbert, 1970; Sillitoe, 1973; Sillitoe, 2010). Further, the two 
unique FIAs are uniquely associated with discrete alteration styles. Quartz veins hosted in 
potassically and propylitically altered rocks contain inclusions that belong to FIA 2, 
while FIA 1 is hosted in quartz veins surrounded by argillic, sericitic, alunitic, and silicic 
alteration. Early high-temperature, high-salinity fluids produced potassic alteration, 
which is surrounded by propylitic alteration at the deepest levels of hydrothermal fluid 
circulation and are the only alteration zones recognized to be related to early, high-
temperature fluid flow. 
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Vein-controlled sericitic and argillic alteration zones that are associated with stage 
2 quartz-tourmaline veins occur above the potassic and propylitic alteration zones. These 
alteration styles were formed by less-acidic fluids circulating at a shallower depth (e.g. 
Ann-Mason, Dilles and Einaudi, 1992). In places, sericitic-argillic alteration directly 
overprints potassic alteration, which indicates that later, low-temperature and low-salinity 
fluids also circulated through the host rocks. 
The sericitic zone grades upwards to alunitic and silicic zones, which forms a 
lithocap and occurs distal to the Fakos quartz monzonite. The offset between the alunitic 
and silicic zones from the causative pluton may be due to heterogeneity in the 
permeability of rock units at Fakos Peninsula such that hydrothermal fluids exploited 
preexisting faults and flowed laterally from the source as opposed to vertically. As such, 
the lower temperatures along these lateral gradients allowed for the high activity of 
condensed HCl in the hydrothermal fluids necessary for leaching all but residual silica 
from the country rock (Hedenquist and Taran, 2009). Later, slight increases in pH may 
have caused the precipitation of silica in the form of vuggy infillings. The alunite in these 
zones is of magmatic steam-heated origin (Rye et al., 1992). The presence of alunitic 
alteration indicates a high-sulfidation environment of formation (Sillitoe et al., 1996). 
The Fakos quartz monzonite is inferred to be the source of the magmatic 
component of the mineralizing fluids due to its spatial relationship to hydrothermal veins, 
which crosscut and emanate from the quartz monzonite. Further, the potassic alteration 
zone at Fakos Peninsula is centered on the Fakos quartz monzonite and other, lower 
temperature alteration zones form roughly concentric zones radiating outward from the 
pluton.  
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Sulfur isotope ratios from sulfides from both epithermal- and porphyry-style 
mineralization range from -6.82 to -0.82 per mil, with averages values for sulfides from 
each regime of -3.52 and -3.06 per mil, respectively. The slight negative deviation from 
the 0 ± 5 per mil expected of sulfides of magmatic source (i.e. Ohmoto and Rye, 1979; 
Ohmoto and Goldhaber, 1997) is likely the result of the generation of isotopically light 
sulfur as a consequence of rapid changes in oxidation state during ore fluid boiling due to 
the preferential oxidation of H234S (e.g. McKibben and Eldridge, 1990) and/or to be 
derived from a sulfur-bearing volatile magmatic phase that underwent disproportionation 
upon cooling such that the reduced H2S phase is enriched in 32S and the oxidized H2SO4 
phase is enriched in 34S (e.g. Herzig et al., 1998), which is common in epithermal gold 
deposits (e.g. Arribas, 1995). The general coincidence in the sulfur isotope ratios from 
sulfides in both the epithermal and porphyry environments suggests that there was a 
common, magmatic component of the ore fluids in both of the mineralization styles. 
Furthermore, the coincidence in δ34S values implies that any meteoric component to the 
epithermal ore fluids that mixed with magmatic fluids either scavenged very little sulfur 
from the host rock during infiltration or that the sulfur scavenged by meteoric fluids was 
isotopically similar to that hosted in porphyry-style mineralization. 
Reduction of seawater sulfate can commonly be a source of sulfur in ore-forming 
systems, however, that is not thought to be that case for mineralzation on Fakos 
Peninsula. The δ34S values of sulfides, with the exception of three samples, fall into the 
range of magmatic sulfur of (i.e. Ohmoto and Rye, 1979; Ohmoto and Goldhaber, 1997). 
Moreover, the range of sulfur isotope values is generally coincident with those reported 
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for other porphyry copper systems (-5.5 to 6.5‰) in which the sulfur is unequivocally 
derivided from a magmatic source (Richards and Kerrich, 1993). 
The presence of an FIA similar to those reported at porphyry deposits elsewhere, 
the high-temperature potassic and propylitic alteration, the concentric zonation of the 
alteration zones around the Fakos quartz monzonite, and the presence of a magmatic Cu-
Mo-bearing ore fluid are all consistent with the early stage (stage 1) mineralization at the 
Fakos prospect being directly related to the pluton and its exsolved fluids and 
mineralization occuring in the porphyry environment. Furthermore, the Fakos prospect 
shares many characteristics of porphyry gold deposits at Bulagidun, Indonesia (Lubis et 
al., 1994) and Aldebaran, Chile (Vila and Sillitoe, 1991), where polymetallic chalcedony 
veins that are surrounded by sericite-tourmaline alteration are considered transitional 
between a porphyry gold deposit at lower levels and epithermal-type advanced argillic 
alteration zones at higher levels (e.g. the high-sulfidation Ag-Cu-Au deposit at Equity 
Silver in Canada; Wodjak and Sinclair, 1984). 
Later stage (stage 3) mineralization occurs as polymetallic quartz veins that 
formed from lower-temperature, low-salinity fluids that contain a magmatic component 
and are associated with low-temperature alteration zones (e.g. alunitic, sericitic, silicic). 
The fluids trapped in inclusions from stage 3 mineralization are similar to those in other 
epithermal systems associated with porphyry mineralization (e.g. Lepanto-Far Southeast; 
Hedenquist et al., 1998). Furthermore, the presence of a polymetallic Au-Te 
mineralization is consistent with stage 3 mineralization being of intermediate-sulfidation 
epithermal origin (e.g. Acupan, Cooke and McPhail, 2001; Emperor, Pals and Spry, 
2003) In those systems, the ore fluids in the epithermal environment were evolved 
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magmatic fluids that ascended to shallow crustal levels and were subject to mixing with 
meteoric fluids. 
The Fakos prospect is a transitional porphyry-epithermal system in which 
epithermal mineralization occurred in both high- and intermediate-sulfidation 
environments. This interpretation is based on geological and mineralogical information 
such as the tourmalinization of the host rocks, the presence of tourmaline in the veins 
(which belongs to the advanced argillic assemblage as described by Heald et al., 1987), 
the development of hypogene alunitic and sericitic alteration zones overlying mineralized 
veins, and finally the overprinting of the potassic alteration zone associated with 
porphyry Cu-Mo mineralization by Te-bearing, precious, and base metal mineralization. 
The polymetallic, precious metal-bearing veins formed as a result of large-scale 
magmatic hydrothermal fluid circulation that developed during and subsequent to the 
emplacement of the Fakos quartz monzonite. Fluid inclusion data from discrete vein 
generations suggest that the ore fluids involved in all stages of mineralization contained a 
magmatic fluid component. Late-stage veins demonstrate the increasing input of meteoric 
water mixing with magmatic fluids based on their significantly lower salinity than early-
stage veins. Migration of ore fluids was facilitated, mainly, by the high concentration of 
faults on Fakos peninsula that allowed the circulation of magmatic-hydrothermal fluids in 
the basement rocks. 
 
Evolutionary Model for Mineralization 
 The mineralization at Fakos evolved through at least three stages of magmatic-
hydrothermal fluid flow as indicated by the distinct populations of fluid inclusion 
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composition and homogenization temperature, the early formation of potassic alteration 
and high-level advanced argillic alteration, later-stage tourmaline-sericite veins and the 
superimposition of epithermal-style polymetallic quartz veins, which are enriched in base 
metals and precious-metal tellurides. Here, we propose a four-step evolutionary model 
for the mineralization at Fakos. 
 
1.) The development of quartz stockworks and associated potassic alteration. This 
was accompanied by minor pyrite and chalcopyrite mineralization and 
represents the earliest metallogenetic event in the area. These veins are 
developed within and are genetically related to the Fakos quartz monzonite. 
2.) Ongoing magmatic devolatilization of the monzonite porphyry that occurred 
coeval with and/or postdated porphyry-style ore formation was responsible for 
the formation of silicic and alunitic alteration zones in the upper portions of 
the Fakos system and for tourmalinization in the lower portions. The 
mineralogy and geometry of the alunitic and silicic alteration bodies at 
Tourlidas and Petrospitos hills indicates that these alteration zones likely 
resulted from the condensation of SO2- and HCl-rich magmatic gases. This led 
to the formation of acid-sulfate fluids, as is observed in modern volcanic 
centers (Hedenquist et al., 1993). The reaction between these acid-sulfate 
fluids and surrounding rocks resulted in the removal of all primary 
mineralogical constituents (except for quartz), resulting in porous, residual 
silicic bodies through which later ore fluids can flow more easily (e.g. 
Stoffregen, 1987). However, many of the silicically altered zones contain 
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massive silica indicating silica addition from hydrothermal fluids. Fournier 
(1985) demonstrated that SiO2 deposition is inhibited under highly-acidic 
conditions, which suggests that the formation of massive silica bodies at 
Fakos could be the result of small increases in pH of the hydrothermal fluids, 
potentially caused by mixing with meteoric waters. Following the formation 
of the massive silica bodies, the hydrothermal solutions were removed 
laterally, where they reacted with the wall rock and became increasingly pH-
neutral and caused the formation of alunitic and sericitic alteration zones, 
which surround the veins and silicified bodies. 
3.) Mixing between magmatic fluids and descending meteoric waters subsequent 
to the incursion of the latter into the central and peripheral parts of the 
porphyry ore system caused deposition of tourmaline and sericite in quartz 
veins and the sericitic wall rock alteration. The influx of meteoric water 
resulted in the overprinting of potassic alteration by sericitic alteration and the 
base- and precious-metal rich veins in a later stage of activity of the porphyry 
system. The enrichment of boron in ore fluids was necessary for the formation 
of tourmaline and is indicative of a magmatic contribution to the circulating 
fluids. The hypothesis of mixing between magmatic and meteoric fluids is 
equivocal for the tourmaline-rich vein material because fluid inclusion data in 
associated tourmaline-bearing quartz veins are lacking, though it has been 
proposed for tourmaline-bearing mineral assemblages in other porphyry 
deposits (e.g., El Salvador, Chile, Gustafson and Hunt, 1975; Aldebaran, 
Chile, Vila and Sillitoe, 1991; Batu Hijau, Indonesia, Meldrum et al., 1994; 
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and Bulagidun, Indonesia, Lubis et al., 1994) and for high-sulfidation 
epithermal deposits (e.g. Equity Silver, Canada, Wojdak and Sinclair, 1984; 
Julkani, Peru, Shelnutt and Noble, 1985; Deen et al., 1994). Tourmalinization 
occurred after the formation of silicic and alunitic alteration zones as a result 
of the release of magmatic gases and fluids from the system. The tourmaline-
rich base-metal mineralized veins crosscut the vein-type massive silicic 
alteration zones, which are inferred to be the downward extensions of alunitic 
alteration zones. The polymetallic vein-type mineralization from stage 3 in the 
Fakos area was deposited in two pulses: the first pulse includes deposition of 
pyrite, enargite, bornite, and Fe-poor sphalerite that occurred after 
hydrothermal brecciation of the massive silica alteration zones. 
The second pulse was related to the deposition of gold with sulfides, 
sulfosalts, and tellurides within milky quartz that overprints earlier-formed 
mineralization and alteration zones. Microthermometric data indicate ore 
deposition by low- to moderate-temperature, low-salinity fluids, which 
indicate contribution of meteoric water to the ore fluid. However, the presence 
of tellurides in mineralized veins suggests that magmatic fluid was also 
involved in mineralization (Afifi et al., 1988). Other metals, such as Cu, As, 
and Au were transported as components of the magmatic-hydrothermal fluids 
or as gases (e.g. Symonds et al., 1987; Sillitoe, 1989; Arribas, 1995). The 
precious metals could have been added to the epithermal environment either 
directly, in the form of magmatic fluid components, or they could have been 
scavenged and remobilized from a Cu-Au bearing protore. That gold is most 
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enriched in the eastern ore zone, which is developed mostly within the 
monzonitic body, could be an indication of magmatic-hydrothermal 
contribution of gold to the vein system. 
The intense sericitization of the wallrocks, the presence of sericite 
and chlorite in the veins, and the chemistry of the sphalerite indicate that the 
precious metals were deposited by hydrothermal fluids of intermediate 
sulfidation state in accordance with data from high-sulfidation deposits 
elsewhere (e.g. Arribas, 1995). 
Phase separation of the hydrothermal solutions, as indicated by 
microthermometric data, likely enhanced the deposition of precious metals. 
Mixing of warm, ascending mineralizing solutions with cool, descending 
meteoric fluids was responsible for the late-stage deposition of barren calcite 
during the final stages of hydrothermal activity in the Fakos area. 
4.) Continuing magmatic-hydrothermal activity, tectonic activity, and continuing 
erosion in the area resulted in the overprinting of the porphyry outcrops by 
precious metal rich vein mineralization as well as the development of silicic 
and advanced argillic alteration zones of hypogene origin. The subsidence of 
the northern block of the Fakos area is attributed to en echelon subsidence of 
the normal fault system present in the area, which was active during the 
emplacement of magmas as well as during the late-stage circulation of 
hydrothermal fluids. 
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Comparison to Metallic Mineralization in Northern Greece and Exploration 
Potential 
 A spatial relationship between porphyry and epithermal styles of 
mineralization has been reported in various locations worldwide, including Lepanto-Far 
Southeast, Philippines (Hedenquist et al., 1997), Golden Sunlight, Montana (Spry et al., 
1996), and Nevados de Famantina, Argentina (Pudack et al., 2009). In northeastern 
Greece, porphyry Cu(-Mo) deposits that are spatially related to epithermal gold-telluride 
deposits (e.g. Pagoni Rachi, St. Demetrios, St. Barbara, Perama Hill, Mavrokoryfi, and 
Pefka) occur near the city of Alexandroupolis (Voudouris, 2006), but they have also been 
recognized on Limnos Island at Fakos and Sardes (Voudouris and Alfiereis, 2005). The 
generation of these deposits, in addition to porphyry-only mineralization at, for example, 
Maronia (Melfos et al., 2002) and Skouries (Kroll et al., 2002), is genetically related to 
post-collisional orogenic magmatism during the Oligocene to Miocene. These deposits 
formed in or near the transitional porphyry-epithermal environment and under low- to 
high-sulfidation conditions. 
 Porphyry-style mineralization on Limnos Island (Fakos and Sardes) is similar 
to that observed at the Stipsi prospect on Lesbos Island, and the two together comprise 
the southern-most examples of the Serbomacedonian-Rhodope metallogenic belt, which 
extends into the islands of the Aegean Sea (Voudouris and Alfieris, 2005). The Sardes 
prospect resembles the Fakos prospect in several respects, including the presence of 
quartz-tourmaline alteration and elevated gold contents (up to 3 ppm at Fakos). Both 
characteristics are not known to be spatially related to other porphyry deposits in 
northeastern Greece. The epithermal base metal and precious metal telluride 
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mineralization and the silica-alunite lithocap at Fakos is not present at Sardes. The 
presence of Au-bearing sedimentary rocks may be attractive exploration targets in the 
vicinity of porphyry-epithermal systems in northern Greece and elsewhere. 
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Figure Captions 
Fig. 1: Regional geological map of Greece and the Aegean Sea showing distribution of 
shoshonitic volcanic rocks in the Aegean, suture zones, and the modern and Hellenic 
subduction fronts. Modified from Pe-Piper et al. (2002) and Pe-Piper et al. (2009). 
 
Fig. 2: Geological map of Limnos Island modified from Innocenti et al. (1994) and Pe-
Piper et al. (2009). 
 
Fig. 3: A) Geological map of the study area on Fakos Peninsula showing trends of local 
faults and, B) Approximate extents of the hydrothermal alteration zones overlain onto 
local geology. 
 
Fig.4: A) Silicified sandstones that form the basement on Fakos Peninsula. In places, the 
bedding is obliterated by intense hydrothermal alteration. B) Dark-colored alkaline dike 
that crosscuts the Fakos quartz monzonite. C and D) Quartz stockworks surrounded by 
potassically altered host rock associated with porphyry-style mineralization. E) Fakos 
quartz monzonite pervasively altered by K-feldspar and magnetite. F) Large-scale quartz 
vein system trending roughly E-W that is associated with epithermal-style polymetallic 
mineralization. G and H) Quartz-tourmaline veins associated with sericitic alteration. 
 
Fig. 5: Chemistry of A) amphiboles, B) phlogopite, and C) diopside from the Fakos 
quartz monzonite and its crosscutting dikes based on the amphibole classification of 
Leake et al. (1997), the phlogopite-annite-eastonite-siderophyllite quadrilateral of Deer et 
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al. (1980), and the pyroxene triangle, modified after Morimoto (1988). Data from this 
study and from Pe-Piper et al. (2009) 
 
Fig. 6: Total alkalis versus silica diagram of the Fakos quartz monzonite and its 
crosscutting dikes based on the classification scheme for volcanic rocks of Le Bas et al. 
(1986). Alkaline and subalkaline fields defined by Miyashiro (1978). Symbols as in 
figure 8; × = light-colored Fakos quartz monzonite from this study, circles = dark-colored 
Fakos quartz monzonite from this study triangles = Fakos quartz monzonite from Pe-
Piper et al. (2009), squares = dikes that crosscut the Fakos quartz monzonite from this 
study. 
 
Fig. 7: Total alkalis versus silica diagram of the Fakos quartz monzonite and its 
crosscutting dikes based on the classification scheme for plutonic rocks of Middlemost 
(1994). Dior Gab = Diorite gabbro; Mzdior = Monzodiorite; Mz = Monzonite; A Fsp 
Syen = Alkali feldspar syenite; Qtz Mz = Quartz monzonite; A Fsp Qtz Syen = Alkali 
feldspar quartz syenite; A Fsp Gran = alkali feldspar granite. Symbols as in figure 8; × = 
light-colored Fakos quartz monzonite from this study, circles = dark-colored Fakos quartz 
monzonite from this study triangles = Fakos quartz monzonite from Pe-Piper et al. 
(2009), squares = dikes that crosscut the Fakos quartz monzonite from this study. 
 
Fig. 8: The shoshonite diagram of Peccerillo and Taylor (1976) showing the Fakos quartz 
monzonite and its crosscutting dikes, as well as the igneous rocks associated with 
porphyry-epithermal mineralization at Tuvatu (Scherbarth and Spry, 2006), Lepanto-Far 
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Southeast (Hedenquist et al., 1996), and Ladolam (Müller et al., 2001). Data for the 
Fakos quartz monzonite and the crosscutting dikes are from this study and from Pe-Piper 
et al. (2009). 
 
Fig. 9: Rb versus Y + Nb geotectonic classification of granitoids for the Fakos quartz 
monzonite and crosscutting dikes after Pearce et al. (1984). Syn-COLG = syn-collisional 
granite; VAG = volcanic arc granite; WPG = within-plate granite; ORG = ocean ridge 
granite. Symbols as in figure 8; × = light-colored Fakos quartz monzonite from this study, 
circles = dark-colored Fakos quartz monzonite from this study triangles = Fakos quartz 
monzonite from Pe-Piper et al. (2009), squares = dikes that crosscut the Fakos quartz 
monzonite from this study. 
 
Fig. 10: Rare-earth element discrimination diagram for the Fakos quartz monzonite and 
its crosscutting dikes superimposed on data from Tuvatu (Scherbarth and Spry, 2006). 
Data from this study and from Pe-Piper et al. (2009). 
 
Fig. 11: Trace element discrimination diagram for the Fakos quartz monzonite and its 
crosscutting dikes superimposed on data from Tuvatu (Scherbarth and Spry, 2006). Data 
from this study and from Pe-Piper et al. (2009). 
 
Fig. 12: Paragenetic sequence for the three stages of mineralization at Fakos based on 
overgrowth and crosscutting relationships of ore minerals. 
 
  
119
 
Fig. 13: Photomicrographs of metallic minerals from Fakos Peninsula. Mineral 
abbreviations after Whitney and Evans (2010). Bou = bournonite, Hs = hessite. 
 
Fig. 14: A) Sericitically altered monzonite breccia cemented by tourmaline. B) Quartz-
calcite-telluride veinlet associated with stage 3 epithermal mineralization. C) Potassically 
altered Fakos quartz monzonite. D) Alunitic alteration with native sulfur. E) Quartz vein 
system developed across Fakos Peninsula with alunitic-silicic lithocap visible in the 
background. F) Vuggy-silica alteration showing silica deposition into hollows. 
 
Fig. 15: Photomicrographs of fluid inclusions. A and B) Type I liquid-vapor and Type II 
vapor-rich inclusions from FIA 1 (epithermal-style). C) Type I liquid-vapor and type V 
vapor-rich inclusions from FIA 2 (porphyry-style). D) Type II, liquid-vapor-NaCl, type 
III, liquid-vapor-NaCl-CaC2, and type IV liquid-vapor-hematite inclusions from FIA 2. 
E) Type IV, liquid-vapor-hematite±NaCl fluid inclusions from FIA 2. F) Type III, IV, 
and V inclusions, as described above, in FIA 2. 
 
Fig. 16: Homogenization temperature versus salinity scatter plot of type I inclusions from 
FIA 1 and FIA 2. Salinity could not be determined for types II, III, and IV inclusions in 
FIA 2. 
 
Fig. 17: Summary histogram of fluid inclusion data from both FIA 1 and FIA 2 
discriminated by fluid inclusion type.  
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Fig. 18: Summary histogram of sulfur isotope data for sulfides discriminated based on 
mineralization style. Table 5 gives sulfur isotope data discriminated by mineralogy as 
well as mineralization style. 
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Tables 
 
Table 1. Representative electron microprobe analyses of sulfides, sulfosalts, tellurides, and precious-metal alloys         
Weight % 1 2 3 4 5 6 7 8 9 10 11 12 13 
Cu - - - - 39.14 41.61 40.97 59.56 13.84 0 - 0.39 - 
Ag - - - 0.00 0.12 0.35 0.57 0.01 0 63.1 45.08 67.61 21.41 
Au - - - - - - - - - 0.24 19.88 0.12 78.6 
Pb - - - 87.18 0 0 0 - 41.38 - -  - 
Bi - - - - 0 0 0.04 - 0 0 - 0.07 - 
Hg - - - - 0.04 0 0.08 - 0 - - - - 
Sn - - - - 0.07 0 - - 0.06 - - - - 
Mo - - 61.5 - - - - - - - - - - 
Re - - 0.11 - - - - - - - - - - 
Fe 1.57 0.25 - - 1.72 0.06 0.07 15.67 0.16 - - - - 
Zn 64.52 66.13 - - 7.03 2.66 3.54 0 0.41 - - - - 
Mn 0 0.26 - - - - - 0 - - - - - 
Cd 0.39 0.43 - - - - - - - - - - - 
Sb - - - 0.01 17.38 20.99 21.05 - 24.5 - - - - 
As - - - - 8.65 0.79 0.76 0 0.95 - - - - 
Se - - - - 0.05 - - - 0.02 0 - 0.01 - 
Te - - - - 0 7.36 7.62 0.04 0 38.03 34.86 28.37 - 
S 32.78 32.78 40.23 13.49 24.76 24.95 25.04 25.31 18.21 0.05 - 4.73 - 
Total 99.26 99.85 101.84 100.68 98.84 98.77 99.74 100.59 99.53 101.42 99.82 101.3 100.01 
              
Atoms 2 2 3 2 29 29 29 10 6 3 7 5 1 
Cu - - - - 9.99 11.05 10.81 4.67 1.08 0.00 - 0.03 - 
Ag - - - 0.00 0.02 0.05 0.09 0.00 0.00 1.98 3.69 3.12 0.33 
Au - - - - - - - - - 0.00 0.89 0.00 0.67 
Pb - - - 1.00 0.00 0.00 0.00 - 0.99 - - - - 
Bi - - - - 0.00 0.00 0.00 - 0.00 0.00 - 0.00 - 
Hg - - - - 0.00 0.00 0.01 - 0.00 - - - - 
Sn - - - - 0.01 0.00 0.00 - 0.00 - - - - 
Mo - - 1.01 - - - - - - - - - - 
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Table 1 continued 
Re - - 0.00 - - - - - - - - - - 
Fe 0.03 0.00 - - 0.50 0.02 0.02 1.40 0.01 - - - - 
Zn 0.97 0.99 - - 1.74 0.69 0.91 0.00 0.03 - - - - 
Mn 0.00 0.00 - - - - - 0.00 - - - - - 
Cd 0.00 0.00 - - - - - - - - - - - 
Sb - - - 0.00 2.32 2.91 2.90 - 1.00 - - - - 
As - - - - 1.87 0.18 0.17 0.00 0.06 - - - - 
Se - - - - 0.01 0.00 0.00  0.00 0.00 - 0.00 - 
Te - - - - 0.00 0.97 1.00 0.00 0.00 1.01 2.41 1.11 - 
S 1.00 1.00 1.98 1.00 12.530 13.13 13.09 3.93 2.82 0.01 - 0.73 - 
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Table 2. Representative electron microprobe analyses of amphiboles, micas, and pyroxenes 
Weight % 1 2 3 4 5 6 7 
SiO2 53.106 55.630 45.502 37.042 39.084 52.405 52.520 
TiO2 0.150 0.250 1.058 4.842 5.063 0.321 0.106 
Al2O3 1.914 1.710 7.851 13.657 12.765 1.808 0.477 
Fe2O3 + FeO 10.980 7.520 16.302 13.879 12.089 4.363 7.811 
MnO 0.578 0.350 0.531 0.166 0.150 0.168 0.836 
MgO 17.633 12.200 12.983 16.239 18.357 17.067 14.481 
CaO 12.494 19.540 11.789 0.000 0.000 23.216 22.671 
K2O 0.185 0.120 0.849 9.595 9.483 0.040 0.013 
Total 97.040 97.320 96.864 95.419 96.990 99.388 98.914 
        
No. of Ions on the 
Basis of: 24 O 24 O 24 O 11 O 11 O 6 O 6 O 
Si 7.67 7.97 6.84 2.83 2.76 1.93 1.98 
Ti 0.02 0.03 0.12 0.28 0.27 0.01 0.00 
Al 0.33 0.29 1.39 1.09 1.20 0.08 0.02 
Fe 1.33 0.90 2.05 0.73 0.87 0.08 0.23 
Mn 0.07 0.04 0.07 0.01 0.01 0.01 0.03 
Mg 3.80 2.61 2.91 1.98 1.80 0.93 0.81 
Ca 1.93 3.00 1.90 0.00 0.00 0.91 0.91 
K 0.03 0.02 0.16 0.88 0.91 0 0 
OH- 2 2 2 2 2 0 0 
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Table 3: Summary table of Type I Fluid Inclusions from FIA 1 (Epithermal-style veins) 
Sample Tme (oC) Tmf (oC) Th (oC) Salinity (wt. % eq.) 
LM-
31A -33.5 to -26.2 (17) -6.4 to -1.2 (18) 211.4 to 310.0 (18) 2.07 to 9.73 (18) 
LM-
31B -31.5 to 25.4 (18) -2.7 to -1.1 (19) 191.6 to 297.4 (18) 1.91 to 4.49 (19) 
LM-
25A -28.1 to -27.5 (2) -2.0 to -0.8 (2) 218.6 to 250.8 (2) 1.40 to 3.39 (2) 
LM-
27B -29.7 to 25.1 (21) -3.0 to -1.7 (21) 199.7 to 292.3 (21) 2.90 to 4.96 (21) 
LM-31  -2.1 to -1.9 (4) 227.1 to 265.3 (6) 3.23 to 3.55 (4) 
LM-24  -2.8 to -2.3 (4) 201.3 to 214.8 (5) 3.87 to 4.65 (4) 
LM-27  -2.4 to -1.6 (13) 240.4 to 303.1 (15) 2.74 to 4.03 (13) 
LM-33  -2.8 to -0.8 (12) 193.9 to 262.2 (15) 1.4 to 4.65 (12) 
LM-63  -2.1 to -2.0 (2) 237.6 to 250.7 (3) 3.39 to 3.55 (2) 
LM21  -1 (1) 200.0 (1) 1.74 (1) 
LM2b   -2.2 (1) 198.3 (1) 3.71 (1) 
Abbreviations: Tme = Eutectic ice melting temperature; Tmf = Final ice melting temperature; Th 
= Final homogenization temperature.LM-31A,B, LM-25A, and LM-27B measured at Iowa 
State University; the remaining data were collected at the University of Athens. The number in 
parenthesis indicates that number of measurements or calculations for each analysis.  
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Table 4: Summary table of fluid inclusion data from FIA 2 (Porphyry-style veins)* 
Sample Type Tme (oC) Tmf (oC) Th (oC) Salinity (wt. % eq.) 
AF-9 I -30.1 to -25.6 (15) -16.6 to -11.0 (15) 220.6 to 403.3 (15) 14.97 to 19.92 (15) 
 II   220.7 to 377.8 (9)  
 IV   357.9 to >410.0 (6)  
LM-75 I -35.4 to -24.3 (10) -16.6 to -10.9 (10) 189.5 to 286.2 (10) 14.87 to 19.76 (10) 
 II   209.3 to 343.8 (9)  
 IV   276.2 (1)  
LM-76 II   215.4 to >410.0 (4)  
 III   >410.0 (1)  
 IV   200.4 to 247.5 (3)  
LM-84 III   354.7 (1)  
 IV   395.2 to >410.0 (7)  
LM-99 I -27.9 to -24.7 (8) -15.3 to -10.8 (8) 260.0 to 371.8 (8) 14.77 to 18.88 (8) 
 II   254.2 to >410.0 (7)  
 III   267.6 to >410.0 (8)  
LM-88 II   >410 (1)  
 III   >410 (3)  
  IV     >410 (1)   
Abbreviations: Tme = Eutectic ice melting temperature; Tmf = Final ice melting temperature; Th = Final 
homogenization temperature.All data measured at Iowa State University. The number in parenthesis 
indicates that number of measurements or calculations for each analysis.*Salinities for types II, III, and IV 
inclusions could not be determined because daughter crystal homogenization occurred after vapor bubble 
homogenization and at tempteratures >410.0oC. 
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Table 5: Sulfur isotope values sulfide minerals from the Fakos prospect 
Sample No. Mineral Style δ34S 
AF-15 Pyrite Porphry -2.41 
LM-25 Pyrite Epithermal -2.38 
LM-27A Galena Epithermal -3.56 
LM-27A Sphalerite Epithermal -2.84 
LM-29 Pyrite Epithermal -5.01 
LM-31 Galena Epithermal -4.68 
LM-33 Galena Epithermal -1.71 
LM-33 Pyrite Epithermal -2.18 
LM-34 Pyrite Epithermal -5.26 
LM-34 Sphalerite Epithermal -4.1 
LM-47 Pyrite Porphry -2.18 
LM-64 Pyrite Porphry -6.82 
LM-64 Pyrite Porphry -0.82 
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CHAPTER 4: GENERAL CONCLUSIONS 
Metallic mineralization in the Palea Kavala area formed at depths of ~3-5 km and 
at temperatures of ~216 to 420°C from a coexisting aqueous and carbonic fluid and is 
hosted in amphibolite-grade metasediments of continental origin. The Kavala vein and 
the mineralization in the area formed from magmatic fluids derived from the reduced to 
oxidized granodioritic Kavala pluton. The metallic zonation of minor ore deposits in the 
area, as well as geochemical characteristics of the Kavala pluton and the surrounding 
country rock, as well as conditions of sulfide formation are similar to those reported for 
reduced intrusion-related gold systems elsewhere. 
In evaluating the global distribution of reduced-intrusion related gold systems, 
Hart (2007) tentatively identified a belt of Phanerozoic deposits that extended from the 
Penedona and Jales deposits in Portugal, eastward through Spain (Salave and Solomon 
deposits), through to the Czech Republic (Mokskro and Petrackova hora deposits), and 
further east to the Vasilkovskoe deposit, Kazakhstan, and to the Niuxinshan deposit, 
China.  This is the first documentation of a reduced intrusion-related ore system in 
Greece, and it is raises the possibility that there are other Miocene reduced-intrusion 
related gold deposits elsewhere in the Oligocene-Miocene Serbomacedonian-Rhodope 
belt.  
 Metallic mineralization at Fakos Peninsula occurred in three magmatic-
hydrothermal stages . The earliest (stage 1) porphyry style mineralization consists of 
quartz veins and stockworks that contain pyrite, chalcopyrite, bornite, molybdenite, 
galena, and sphalerite that formed at depths of ~650-1200 m. The early mineralization 
event is spatially associated with potassic and propylitic alteration of the country rocks 
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and formed from boiling saline (~15 to >47 wt. % NaCl equiv.) ore fluids at moderately 
high temperatures (~200 to >410°C). The second stage of mineralization is metal-poor 
and consists largely of quartz-tourmaline-iron oxide mineralization associated with 
sericitic alteration. Late (stage 3) epithermal-style mineralization formed in quartz and 
quartz-carbonate veins at depths of ~200 to 1100 m from cooler (~190 to 403°C) and less 
saline (1.4 to 9.7 wt. % NaCl equiv.) fluids. Metallic minerals include pyrite, 
chalcopyrite, sphalerite, galena, enargite, bournonite, tetrahedrite-tennantite), hessite, 
petzite, altaite, an unknown cervelleite-like Ag-telluride, Au-Ag alloy, and native Au. 
Stage 3 veins are spatially associated with argillic, silicic, and alunitic alteration. 
Therefore, the Fakos prospect is considered a transitional porphyry to epithermal ore-
forming system. 
Porphyry Cu-(Mo)-epithermal gold telluride deposits have been described in 
northeastern Greece near the city of Alexandroupolis (Voudouris, 2006), but also on the 
island of Limnos at Fakos and Sardes (Voudouris and Alfieris, 2005). The Fakos prospect 
shares many commonalities with the other porphyry-epithermal deposits in northeastern 
Greece, however, both it and the Sardes prospect contain quartz-tourmaline alteration and 
elevated gold contents (up to 3ppm at Fakos), which are not known to be associated with 
the other deposits. 
 Both the Palea Kavala reduced intrusion-related ore district and the Fakos 
porphyry Cu(-Mo) to epithermal Au-Te deposit are both part of the Rhodope-
Serbomacedonian metallogenetic belt and formed concomitantly with and in direct 
genetic relation to Teritary magmatism and regional extension.  
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Appendix 
 
Table A1: Fluid inclusion data from the Kavala and Chalkero Veins  
Sample Type Tme Tmf Th TmCO2 TmH2O TmCH4 ThCO2 Tf Th Vapor 
Salinity (wt. % NaCl 
equiv.) 
AF-K-7 I -52.2 -20.4 319.9            22.65 
 I -52.2 -18.9 330.4       21.61 
 I -55.0 -13.1 368.4       16.99 
 I -53.6 -14.1 316.9       17.87 
 I -52.7 -14.4 366.3       18.13 
 I -53.5 -14.2 337.6       17.96 
 I -50.3 -14.0 321.3       17.79 
 I -50.1 -13.3 340.2       17.17 
 I -52.0 -14.3 290.2       18.04 
 I -53.4 -14.0 295.8       17.79 
 I -55.0 -13.5 X       17.34 
 I -53.7 -13.9 X       17.70 
 II    -53.4  4.6 29.9 305.7  9.69 
 II    -53.4  6.0 29.6 303.4  7.48 
 II    -56.7  4.9 29.5 288.9  9.24 
 II    -56.7  4.2 30.0 296.9  10.29 
 II    -56.5  5.9 30.4 301.0  7.64 
 II    -56.9  6.0 28.6 361.8  7.48 
 II    -57.1  4.2 30.7 337.2  10.29 
 III         280.1  
 III         302.2  
 III         311.9  
AF-K-8 I -48.1 -14.7 298.3       18.38 
 I -48.2 -14.6 280.0       18.30 
 I -49.8 -15.0 332.5       18.63 
 I -49.7 -14.5 X       18.22 
 I -48.0 -14.2 341.1       17.96 
 I -48.1 -16.9 261.0       20.15 
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Table A1 continued 
 II    -56.1  6.4 29.4 X  6.81 
 II    -56.1  5.9 29.5 305.1  7.64 
 II    -56.1  X 29.5 305.6   
 II    -56.7  6.2 29.0 308.6  7.14 
 II    -53.9  6.1 28.9 Decrep.  7.31 
 II    -53.9  6.1 28.9 Decrep.  7.31 
 III         278.6  
          277.8  
          251.7  
AF-K-10 I -53.5 -19.2 302.6       21.82 
 I -57.2 -15.3 315.4       18.88 
 I -57.0 -16.1 277.3       19.53 
 I -57.5 -16.2 368.5       19.60 
 I -56.2 -15.5 298.9       19.05 
 I -52.1 -14.0 331.2       17.79 
 I -49.5 -14.3 319.5       18.04 
 I -55.1 -14.0 361.4       17.79 
 I -50.2 -15.2 297.9       18.80 
 I -53.9 -14.6 295.2       18.30 
 I -53.4 -15.7 320.6       19.21 
 I -50.6 -18.8 Decrep.       21.54 
 I X X 288.7        
 II    -57.6  5.2 29.8 339.1  8.77 
 II    -57.3  5.8 28.8 300.4  7.81 
 II    -57.3  3.5 25.1 283.4  11.29 
 II    -57.6  4.7 28.4 319.7  9.54 
 II    -57.6  5.0 29.5 333.8  9.08 
 II    -57.0  5.7 30.2 308.5  7.97 
 II    -57.0  3.5 30.3 318.8  11.29 
 II    -55.0  4.7 27.7 Decrep.  9.54 
 III         260.8  
 III         275.9  
 III         257.2  
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Table A1 continued 
AF-K-11 II    -56.6  4.6 27.4 331.8  9.69 
 II    -57.0  4.4 27.1 307.5  9.99 
 II    -57.0  5.6 26.1 316.7  8.13 
 III         210.4  
 III         257.1  
AF-K-14 I -48.1 -19.6 332.6       22.10 
 I -45.5 -18.0 336.1       20.97 
 I -45.4 -18.0 336.2       20.97 
 I -45.1 -17.5 318.0       20.60 
 I -50.4 -15.2 341.6       18.80 
 I -44.3 -17.5 317.5       20.60 
 I -45.1 -19.3 332.3       21.89 
 I -46.1 -14.9 382.4       18.55 
 I -49.1 -18.1 302.2       21.04 
 I -50.0 -19.1 341.5       21.75 
 I -49.1 -18.1 329.1       21.04 
 I -49.1 -15.4 X       18.96 
 I -47.9 -18.9 X       21.61 
 I -48.8 -19.4 X       21.96 
 II    -56.4  6.3 29.4 301.0  6.97 
 II    -56.4  6.5 29.6 301.0  6.63 
 II    -57.0  6.1 28.3 X  7.31 
 II    -57.2  6.2 30.9 X  7.14 
 II    -57.2  6.2 30.7 307.2  7.14 
 II    -56.9  6.7 29.7 310.8  6.29 
 II    -56.9  6.7 29.2 312.3  6.29 
 II    -57.4  6.3 X X  6.97 
 III         273.9  
 III         251.0  
 III         317.8  
AF-K-22 II    -59.1  6.4 28.9 Decrep.  6.81 
 II    -57.6  5.8 30.6 X  7.81 
 II    -57.6  6.0 31.1 X  7.48 
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Table A1 continued 
 III         258.9  
 III         257.3  
 III         270.5  
AF-K-26 I -46.9 -17.9 299.9       20.89 
 I -45.7 -16.0 304.5       19.45 
 I -52.6 -15.3 341.5       18.88 
 I -52.9 -13.9 333.9       17.70 
 I -56.6 -12.0 334.0       15.96 
 I -47.3 -14.1 319.1       17.87 
 I -54.4 -15.6 344.9       19.13 
 I -50.2 -18.0 350.7       20.97 
 I -50.3 -17.3 341.1       20.45 
 I -58.5 -15.1 347.9       18.72 
 I -53.7 -14.7 Decrep.       18.38 
 III         323.4  
 III         280.8  
 III         283.7  
            
AF-CH-5 I -56.1 X 235.1        
AF-CH-6 II    -56.6  5.7 X X  7.97 
 II    -56.6  5.8 X X  7.81 
 III         287.7  
 III         274.0  
 III         248.9  
AF-CH-8 II    -55.6  6.0 27.9 255.7  7.48 
 II    -55.6  4.2 27.3 262.7  10.29 
 II    -55.6  5.4 29.3 309.9  8.45 
 II    -56.1  4.2 29.9 286.4  10.29 
 II    -56.1  5.5 30.0 292.7  8.29 
 II    -56.2  4.7 28.0 298.3  9.54 
 II    -56.2  3.4 27.8 296.0  11.43 
 III         260.4  
 III         287.9  
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Table A1 continued 
AF-CH-9 I -50.5 -16.0 330.5       19.45 
 I -53.0 -14.1 317.7       17.87 
 I -57.5 -15.1 411.1       18.72 
 I -57.5 -14.3 410.8       18.04 
 I -50.3 -15.1 382.8       18.72 
 I -50.4 -17.9 352.1       20.89 
 I -48.1 -17.5 318.4       20.60 
 I -50.4 -17.7 333.7       20.75 
 I -52.6 -18.3 330.5       21.19 
 I -54.8 X 351.8        
 I -48.8 X 326.6        
 II    -56.0  4.9 31.5 349.2  9.24 
 II    -58.1  5.9 28.7 304.3  7.64 
 II    -58.1  6.2 28.7 305.0  7.14 
 II    -56.2  6.7 30.7 310.3  6.29 
 II    -56.2  6.4 30.5 362.8  6.81 
 II    -57.7  5.9 28.2 323.3  7.64 
 II    -57.7  6.3 28.7 364.4  6.97 
 II    -57.9  5.9 28.7 354.9  7.64 
 II    -57.9  5.5 28.0 385.6  8.29 
 II    -56.0  5.2 31.1 345.5  8.77 
 III         280.4  
 III         315.3  
 III         285.7  
Kav1 I  -14.0 375.0       17.80 
 I  -16.0 393.0       19.40 
 I  -19.0 355.0       21.70 
 I  -15.0 285.0       18.60 
 I  -17.0 361.0       20.20 
 I  -18.0 363.0       20.90 
 I  -17.0 365.0       20.20 
 I  -14.0 367.0       17.80 
 I  -16.0 370.0       19.40 
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Table A1 continued 
 I  -19.0 321.0       21.70 
 I  -16.0 393.0       19.40 
 I  -13.0 390.0       16.90 
 I  -16.0 391.0       19.40 
 I  -15.0 369.0       18.60 
 I  -17.0 361.0       20.20 
 I  -18.0 396.0       20.90 
 I  -14.0 373.0       17.80 
 I  -19.0 285.0       21.70 
 I  -16.0 321.0       19.40 
 I  -15.0 329.0       18.60 
 I  -19.0 351.0       21.70 
 I  -16.0 362.0       19.40 
 I  -16.0 370.0       19.40 
 I  -18.0 359.0       20.90 
 I  -17.0 354.0       20.20 
 I  -16.0 355.0       19.40 
 I  -15.0 366.0       18.60 
 I  -14.0 360.0       17.80 
 I   410.0        
 I   419.0        
 I  -15.0 367.0       18.60 
 I  -16.0 392.0       19.40 
 I  -15.0 390.0       18.60 
 I  -16.0 371.0       19.40 
 I  -16.0 379.0       19.40 
 II    -56.9 -0.2 6.4 31.1 321.0  6.60 
 II    -57.1 -0.3 6.5 31.0 324.0  6.40 
 II    -57.0 -0.2 6.6 31.6 310.0  6.30 
 II    -56.9 -0.1 6.5 31.8 312.0  6.40 
 II    -57.2 -0.3 6.6 31.9 317.0  6.20 
 II    -57.3 -0.1 6.7 31.7 309.0  6.20 
 II    -56.1 -0.2 6.4 31.2 303.0  6.60 
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Table A1 continued 
Kav1-1 I  -15.0 318.0       18.60 
 I  -16.0 325.0       19.40 
 I  -15.0 366.0       18.60 
 I  -16.0 354.0       19.40 
 I  -16.0 360.0       19.40 
 I  -15.0 349.0       18.60 
 I  -17.0 369.0       20.20 
 I  -16.0 362.0       19.40 
 I  -18.0 355.0       20.90 
 I  -17.0 382.0       20.20 
 I  -14.0 357.0       17.80 
 I  -13.0 358.0       16.90 
 I  -19.0 383.0       21.70 
 I  -16.0 380.0       19.40 
 I  -15.0 364.0       18.60 
 I  -19.0 367.0       21.70 
 I  -14.0 374.0       17.80 
 I   382.0        
 I   378.0        
 I   377.0        
 I   370.0        
 I   379.0        
 I   376.0        
 I   375.0        
 I   398.0        
 I   379.0        
 I   380.0        
 I   387.0        
 I   397.0        
 II      6.3  322.0  6.80 
 II      6.5  327.0  6.40 
 II      6.4  314.0  6.60 
 II      6.7  319.0  6.10 
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Table A1 continued 
 II      6.5  313.0  6.40 
 II      6.9  305.0  5.90 
Kav2 I  -15.0 373.0       18.60 
 I  -16.0 374.0       19.40 
 I  -15.0 359.0       18.60 
 I  -16.0 371.0       19.40 
 I  -19.0 375.0       21.70 
 I  -15.0 361.0       18.60 
 I  -19.0 370.0       21.70 
 I  -15.0 372.0       18.60 
 I  -17.0 365.0       20.20 
 I  -16.0 373.0       19.40 
 I  -15.0 376.0       18.60 
 I  -14.0 375.0       17.80 
 I  -19.0 370.0       21.70 
 I  -16.0 373.0       19.40 
 I   341.0        
 I   323.0        
 I   355.0        
 I   348.0        
 I   335.0        
 I   357.0        
 I   367.0        
 II    -57.0 -0.1 6.7 31.0 328.0  6.10 
 II    -57.1 -0.1 6.5 30.0 328.0  6.40 
 II    -57.1 -0.2 6.6 29.0 315.0  6.30 
 II    -57.2 -0.1 6.8 31.0 312.0  5.90 
 II    -57.0 -0.3 6.9 31.0 319.0  5.90 
 II    -57.3 -0.1 6.7 30.0 322.0  6.10 
 II    -57.2 -0.4 6.6 30.0 311.0  6.30 
 II    -57.1 -0.4 6.5 29.0 314.0  6.40 
 II    -57.1 -0.2 6.5 30.0 318.0  6.40 
Kav2-7 I   353.0        
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Table A1 continued 
 I   344.0        
 I   364.0        
 I   356.0        
 I   351.0        
 I   360.0        
 I   361.0        
 I   370.0        
 I   352.0        
 I   381.0        
 I   375.0        
 I   371.0        
 I   367.0        
 I   377.0        
 I   385.0        
 I   368.0        
 I   384.0        
 I   365.0        
 I   388.0        
 I   373.0        
 I   384.0        
 I   388.0        
 I   389.0        
 I   385.0        
 I   372.0        
 I   381.0        
 I   380.0        
 I   385.0        
 I   389.0        
 I   390.0        
 I   391        
 I   381        
 I   396        
 I   387        
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Table A1 continued 
 I   372        
 II   376        
 II      6.6  326.0  6.30 
 II      6.7  313.0  6.10 
 II      6.6  312.0  6.30 
 II      6.8  316.0  5.90 
 II      6.6  323.0  6.30 
 II      6.7  317.0  6.10 
 II      6.8  327.0  5.90 
 II      6.5  315.0  6.40 
 II      6.6  314.0  6.30 
Kav1/2 I  -19 283       21.70 
 I  -15 301       18.6 
 I  -18 294       20.9 
 I  -17 299       20.2 
 I  -14 351       17.8 
 I  -16 371       19.4 
 I  -13 350       16.9 
 I  -16 345       19.4 
 I  -15 321       18.6 
 I  -17 290       202 
 I  -19 328       21.7 
 I  -16 409       19.4 
 I  -14 295       17.8 
 I  -16 348       19.4 
 I  -17 291       20.2 
 I   312        
 I   389        
 I   292        
 I   302        
 I   417        
 I   359        
 I   365        
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Table A1 continued 
 I   321        
 I   299        
 I   216        
 I   222        
 II      6.9 33.5 359  5.9 
 II    -57.2  6.7 33.5 344  6.1 
 II    -57.3  6.8 33.3 288  5.9 
 II    -57.1  6.6 33.3 301  6.3 
 II    -57.2  6.8 33.3 291  5.9 
 II    -57  6.9 33.4 356  5.9 
 II    -57  6.7 33.3 334  6.1 
 II    -57.2  6.6 33.2 342  6.3 
 II    -57.1  6.5 33.2 347  6.4 
 II    -57.1  6.6 33.2 285  6.3 
 II    -57  6.8 33.3 351  5.9 
 II    -57.1  6.5 33.3 363  6.4 
 II    -57.3  6.4 33.1 309  6.6 
 II    -57  6.6 33.3 309  6.3 
 II    -57  6.7 33.5 289  6.1 
 II    -57.1  6.8 33.1 314  5.9 
 II    -57.2  6.9 33.2 319  5.9 
 II    -57.1  6.7 33.2 335  6.1 
 II    -57.3  6.6 33.3 348  6.3 
 II    -57  6.9 33.2 352  5.9 
 II    -57.2  6.7 33.3 353  6.1 
 II    -57.1  6.5 33.3 361  6.4 
 II    -57.2  6.4 33.4 340  6.6 
 II    -57  6.9 33.1 414  5.9 
 II    -57.1  6.6 33.2 389  6.3 
 II    -57.2  6.5 33.2 392  6.4 
 II    -57.1  6.6 32.8 334  6.2 
 II    -57  6.7 32.8 339  6.1 
 II    -57.2  6.5 32.7 402  6.4 
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Table A1 continued 
 II    -57.1  6.3 33.1 391  6.8 
 II    -57.3  6.5 32.8 345  6.4 
 II    -57  6.4 33.3 348  6.6 
 II    -57.1  6.6 33.3 351  6.3 
 II        286   
Kav 1/3 I  -18 304       20.9 
 I  -16 307       19.4 
 I  -19 268       21.7 
 I  -13 341       16.9 
 I  -16 339       19.4 
 I  -17 305       20.2 
 I   420        
 I   362        
 I   221        
 II    -57.1  6.9  335  5.9 
 II    -57.3  6.6 32.3 324  6.3 
 II    -57  6.5 31.8 395  6.4 
 II        371   
  II               311     
Abbreviations: Tme = Eutectic melting temperature; Tmf = Final melting temperature; Th = Homogenization temperature; TmCO2 = Carbon dioxide melting temperature; TmH2O = Water melting 
temperature; TmCH4 = Clathrate melting temperature; ThCO2 = Carbon dioxide homogenization temperature; Tf = Final homogenization temperature; Th Vapor = Homogenization temperature for vapor-
rich inclusions 
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Table A2: Whole-rock chemistry of rocks from Fakos Peninsula          
  AF-4A AF-5 AF-7 AF-8 AF-14 AF-15 AF-16 AF-17 AF-21A AF-21B LM-25 LM-27 LM-33 
Rock type qm dark qm dark qm dike ss ss ss ss qm dike ss qtz vein ss 
SiO2 60.58 59.48 60.41 57.51 82.85 88.06 76.42 72.21 58.71 59.25 84.87 89.24 61.98 
Al2O3 14.8 14.85 15 14.46 6.69 5.1 4.93 13.47 15 13.67 6.55 0.85 6.76 
Fe2O3 5.31 4.65 4.34 6.36 3.5 2.62 7.33 3.29 6.16 4.55 2.66 4.44 5.65 
MgO 3.21 2.69 2.33 4.87 0.51 0.08 0.16 0.91 2.88 3.63 0.53 0.08 2.56 
CaO 4.67 4.32 4.14 5.21 0.06 0.12 0.13 0.25 4.95 4.7 0.26 0.03 9.3 
Na2O 3.53 3.6 3.66 3.86 0.04 0.04 0.01 0.06 3.4 3.27 0.04 0.02 0.03 
K2O 5.04 3.64 3.5 4.51 1.91 1.35 0.97 3.98 4.87 4.43 1.79 0.14 1.44 
TiO2 0.74 0.56 0.51 0.82 0.33 0.27 0.27 0.74 0.75 0.64 0.33 <0.01 0.43 
P2O5 0.45 0.29 0.25 0.6 <0.01 0.03 <0.01 0.16 0.42 0.4 0.09 0.01 0.07 
MnO 0.11 0.1 0.09 0.13 <0.01 <0.01 0.01 0.02 0.11 0.09 <0.01 0.05 0.77 
Cr2O3 0.009 0.01 0.006 0.028 0.029 0.027 0.043 0.006 0.007 0.022 0.033 <0.002 0.075 
L.O.I 1 5.4 5.3 0.9 4 2.2 9.6 4.7 2.2 4.8 2.8 2.4 9.2 
Total 99.47 99.56 99.52 99.31 99.92 99.95 99.91 99.79 99.42 99.41 99.95 97.27 98.26 
              
  LM-34 LM-47 LM-64A LM-64B LM-75 LM-76 LM-84 LM-88 LM-91 LM-98 LM-99 LM-101 LM-105  
Rock type sil qm ss qm qm qm qm qm qm qm qm qm px-bt vein 
SiO2 78.17 74.96 81.82 74.53 69.73 62.31 66.92 61.64 74.1 72.85 65.57 61.83 43.7 
Al2O3 1.15 13.29 5.12 12.43 14.31 15.85 14.68 15.23 14.36 13.6 14.98 15.02 10.35 
Fe2O3 12.57 2.35 5.95 3.49 2.8 5.23 3.75 4.71 1.68 2.16 3.91 5.03 28.4 
MgO 0.09 0.69 0.27 0.6 1.15 1.83 2.02 2.47 1.37 2.45 1.7 2.42 3.74 
CaO 0.11 0.1 0.12 0.07 0.85 2.25 0.84 3.43 0.11 0.07 2.78 3.48 5.97 
Na2O 0.02 0.12 0.02 0.05 3.38 3.67 3.12 3.87 0.35 0.69 3.93 3.89 2.39 
K2O 0.36 4.07 1.22 3.56 5.46 5.11 5.36 5.6 3.81 1.81 5.04 5.5 3.86 
TiO2 0.1 0.56 0.29 0.72 0.4 0.7 0.52 0.64 0.61 0.6 0.46 0.64 0.59 
P2O5 0.02 0.2 0.03 0.26 0.16 0.39 0.25 0.39 0.14 0.16 0.24 0.39 0.02 
MnO 0.01 0.01 0.02 0.02 0.04 0.05 0.04 0.13 <0.01 <0.01 0.08 0.11 0.38 
Cr2O3 <0.002 <0.002 0.042 0.003 0.013 0.019 0.009 0.01 0.015 0.012 0.011 0.012 0.009 
L.O.I 7.3 3.5 5 4.1 1.4 2.1 2.1 1.4 3.3 5.5 0.9 1.2 0.2 
Total 99.91 99.89 99.87 99.83 99.65 99.52 99.65 99.47 99.88 99.88 99.59 99.5 99.62 
Abbreviations: qm = Fakos quartz monzonite; dark qm = dark-colored quartz monzonite; ss = silicified sandstones; qtz vein = quartz vein; sil = massive silicification cementing fault gouge; px-bt vein = aplitic pyroxene-biotite vein 
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Table A3: Trace element chemistry of rocks from Fakos Peninsula         
  AF-4A AF-5 AF-7 AF-8 AF-14 AF-15 AF-16 AF-17 AF-21A AF-21B LM-25 LM-27 LM-33 
Rock type qm dark qm dark qm dike ss ss ss ss qm dike ss qtz vein ss 
Ni <20 29 <20 56 40 <20 73 <20 <20 <20 65 20 137 
Sc 16 11 10 19 6 5 4 13 16 13 6 <1 10 
Ba 1939 1789 1895 2514 60 84 8 650 2096 2661 40 85 2516 
Be 6 5 4 7 <1 <1 <1 3 6 5 1 <1 2 
Co 13.4 11.8 10.3 21.7 15.6 3.1 15.2 5.2 13.8 14.5 4.9 3.8 21.8 
Cs 5.6 4.8 2.7 5.2 13 2.3 7.4 9.9 4 2.4 8.4 1.2 7.2 
Ga 19.9 16.4 17 18.6 8.1 3.3 7.7 17.7 16.5 17 7.8 1.6 9.4 
Hf 10.2 6.9 6.9 12.7 3.3 3.7 3 10.6 10.3 7.7 3.6 0.1 3.4 
Nb 23.1 14.1 14.5 24.2 7.4 4.4 4.7 20.5 21.1 17.1 4.9 1.3 5.1 
Rb 202.5 140.3 127.8 172.1 147.1 58.6 44.9 224.3 160.3 164.3 108.3 5.1 85.2 
Sn 6 2 3 6 6 5 8 5 4 3 1 1 2 
Sr 1108.6 917.1 995.1 1333.9 14.7 11.9 7.1 27.2 1271.2 1084.2 12.8 14.3 113.6 
Ta 1.9 0.9 0.9 1.4 0.4 0.4 0.3 1.2 1.1 0.8 0.4 <0.1 0.3 
Th 69.5 31.4 36.2 60.7 2.1 2.1 3.3 16.9 53.5 39 3.8 0.7 3.1 
U 11.1 9.4 8.4 11.3 1.1 0.9 2.6 4.2 7.9 8 2.9 0.4 1.4 
V 125 89 91 150 45 42 43 113 149 95 41 <8 72 
W 4.2 6.2 2.9 5.4 3.4 2.5 10.9 4.2 3.9 4.6 3.3 <0.5 6.2 
Zr 329.7 221.3 229.3 361.9 99.5 118 123.1 332.9 315.4 291.1 134.2 6.3 140.1 
Y 21.8 16.8 19.2 24.3 9.8 7.1 4.7 11.7 21.7 15.8 17.7 1.1 17.4 
La 92.3 58 65.3 96.1 10 8.3 6.2 51.7 88.9 58 15.5 3.1 18.7 
Ce 179.5 113.8 119.7 194 18.6 17.4 11.8 105.9 176.6 112.6 31.8 6.5 37.8 
Pr 19.73 12.55 13.16 21.84 2.08 2.09 1.45 11.59 19.28 12.06 3.61 0.74 4 
Nd 73.2 44 45.4 77.3 8 7.4 5.6 40 67.3 42.1 14.5 2.8 15.9 
Sm 10 6.51 6.61 11.34 1.24 1.38 1 5.44 9.84 6.63 2.71 0.47 3.12 
Eu 2.23 1.46 1.44 2.66 0.36 0.32 0.26 1.33 2.29 1.45 0.67 0.17 0.91 
Gd 6.47 4.42 4.62 7.46 1.39 1.06 0.82 3.22 6.36 4.46 3.03 0.31 3.18 
Tb 0.86 0.63 0.61 0.98 0.26 0.21 0.17 0.43 0.86 0.62 0.5 0.04 0.5 
Dy 3.96 3.21 2.94 4.42 1.61 1.23 0.83 2.18 4.29 3.07 2.76 0.22 2.75 
Ho 0.73 0.62 0.61 0.78 0.28 0.27 0.18 0.4 0.79 0.58 0.57 0.03 0.57 
Er 2.1 1.96 1.77 1.99 0.99 0.76 0.58 1.15 2.03 1.69 1.63 0.11 1.57 
Tm 0.28 0.25 0.25 0.3 0.11 0.13 0.11 0.14 0.3 0.22 0.24 0.01 0.24 
Yb 1.86 1.62 1.82 2.17 0.78 0.84 0.6 1.07 1.99 1.65 1.61 0.11 1.56 
Lu 0.33 0.28 0.26 0.34 0.12 0.14 0.12 0.2 0.33 0.24 0.24 0.02 0.22 
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Table A3 continued 
Mo 1.2 1.5 0.4 7 24.2 4.7 4.2 27.8 1.5 0.7 2.7 6.7 6 
Cu 14.7 30 28.2 125.5 112.1 8.8 22.4 19 35.1 43.5 10.2 820.3 396.2 
Pb 50.3 10.3 27 50.4 58.5 16.9 96.8 11.9 44.9 9.9 13.5 >10000.0 3577.7 
Zn 38 33 32 60 10 3 40 20 31 35 25 >10000 9550 
Ni 11.4 20.5 13.2 38.3 48.2 21.1 75.4 12.2 13.1 29.1 59.5 19.7 128.5 
As 7.1 0.6 0.9 6.3 181.4 67.7 4185.1 222.9 5.4 8 1477.3 640.4 44.8 
Cd 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 <0.1 <0.1 0.1 <0.1 131.1 62.5 
Sb 0.3 0.4 0.2 0.7 33.5 2.4 74.2 9.4 0.7 0.5 7.9 880.7 3.1 
Bi 0.3 0.1 0.2 0.2 0.1 1 0.1 0.2 0.2 <0.1 0.4 5.1 0.6 
Ag <0.1 <0.1 <0.1 <0.1 2.6 1.6 3.3 0.5 <0.1 <0.1 0.6 29.1 4.2 
Au 11 7.5 1.9 6.4 164.4 31.3 306.8 44.2 6.8 4.6 663.4 2986.5 88.4 
Hg <0.01 <0.01 <0.01 <0.01 0.09 1.88 0.32 0.12 <0.01 <0.01 <0.01 1.5 0.16 
Tl 0.3 0.2 <0.1 0.5 1 0.2 3.3 1.2 0.2 0.2 0.9 0.6 0.3 
Se <0.5 <0.5 <0.5 <0.5 4.2 4.4 <0.5 <0.5 <0.5 <0.5 1.4 17.8 2.9 
              
  LM-34 LM-47 LM-64A LM-64B LM-75 LM-76 LM-84 LM-88 LM-91 LM-98 LM-99 LM-101 LM-105  
Rock type sil qm ss qm qm qm qm qm qm qm qm qm px-bt vein 
Ni 137 <20 67 25 <20 <20 <20 <20 <20 <20 <20 <20 83 
Sc 2 12 4 15 6 12 10 12 10 21 8 12 10 
Ba 84 175 76 706 1198 1878 1611 2045 301 132 1420 1686 566 
Be <1 4 1 3 8 7 7 9 4 7 8 7 9 
Co 30.7 1.6 14.4 5.2 6.2 11.3 8.7 11.5 1.7 2.8 8.9 12.2 45.6 
Cs 0.6 5.5 7.2 4.7 10.7 6.4 6.3 4 2.7 1.5 5.5 4 4.9 
Ga 2.9 18.6 7.7 17.3 17.3 19.3 16.7 19 17.6 22 18.4 18.4 22.5 
Hf 0.7 9.5 3.5 9.3 8.8 10.2 8.8 10 9 9.8 7.5 9.4 6.4 
Nb 1.7 25.4 4.7 18.2 21.2 24.3 26 24.1 22.1 21.1 23 24 4.6 
Rb 14.4 178.1 65.6 164 231.4 211.9 216.2 224.5 164 90.5 223.1 214.4 113.7 
Sn 7 6 9 9 2 5 5 4 31 57 4 4 10 
Sr 15.1 26.2 8.9 30.8 739.3 1205.7 615.8 1274 56.4 38.8 1046.1 1121.6 438.2 
Ta 0.2 1.7 0.3 1.3 2.8 1.9 2.2 1.8 1.7 1.4 1.7 1.7 0.3 
Th 3.6 46.3 2.9 28.9 102.5 70.4 90 72.3 26.5 22.7 82.8 70.3 46.4 
U 0.4 9.4 3.9 5.5 22.4 13.4 12.5 11.1 4.8 4.7 13.9 10.9 8.9 
V 12 89 43 118 65 128 89 125 101 143 84 109 534 
W 4.7 6.7 5.1 6 4.1 6.3 7.9 4.7 14.6 46.9 7.3 4.5 4.7 
Zr 24.9 298.5 137.9 320.7 226 318 254.2 312.8 281.4 297.9 242.8 326.1 228.6 
Y 0.8 17.4 10.3 19.2 15.8 20.6 20 22.8 8.8 15.4 18.1 19.4 16.2 
Table A3 continued 
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La 4.9 82.8 7.3 77.2 87.1 90 88.8 94.6 41.4 35.7 86.8 91.7 11.4 
Ce 9.6 165.4 16.4 148.9 156.4 176.1 169.2 188.9 84.2 73.2 163.6 182.8 34.5 
Pr 1.03 16.21 1.8 16.27 15.64 18.59 17.48 20.02 9.14 8.45 16.58 18.86 5.08 
Nd 3.8 55.6 6.6 58.6 48 64.4 60.8 72.8 32.8 33.4 57.4 67.1 24.2 
Sm 0.47 7.6 1.36 8.1 6.08 9.17 8.46 10.25 4.42 5.34 7.88 9.39 5.06 
Eu 0.1 1.51 0.39 1.47 1.51 2.04 1.77 2.35 0.79 1.23 1.67 1.94 1 
Gd 0.21 4.82 1.4 5.11 3.98 5.82 5.56 6.61 2.57 3.66 4.67 5.74 3.56 
Tb 0.02 0.65 0.26 0.69 0.54 0.76 0.76 0.89 0.34 0.54 0.65 0.78 0.55 
Dy 0.14 3.02 1.47 3.32 2.41 3.36 3.54 4.08 1.54 2.62 2.99 3.44 2.86 
Ho 0.03 0.55 0.34 0.64 0.42 0.62 0.61 0.7 0.28 0.49 0.54 0.63 0.55 
Er 0.09 1.53 1.06 1.84 1.29 1.77 1.81 2.03 0.87 1.46 1.58 1.78 1.67 
Tm 0.01 0.26 0.16 0.29 0.22 0.28 0.31 0.33 0.14 0.23 0.27 0.28 0.25 
Yb 0.14 1.77 1.01 1.98 1.4 1.92 2.01 2.07 0.95 1.46 1.64 1.77 1.79 
Lu 0.02 0.28 0.16 0.28 0.23 0.28 0.31 0.31 0.16 0.24 0.27 0.28 0.3 
Mo 13.9 10.3 5 21 4.5 2.7 9.9 3.7 36.3 2.4 9.6 9.7 8.2 
Cu 302.7 16.5 623.2 29.8 432.6 160.9 51.9 263.3 39.1 10.2 309.5 513.9 1277.5 
Pb 3369.1 218.3 61.8 256.1 50.8 42.8 47.3 60.4 48.4 26 70.8 97.5 142.5 
Zn 205 27 27 28 88 86 49 59 7 5 60 44 41 
Ni 138.3 6.7 66.8 18.8 8.5 20.3 13.6 9.2 3.2 1.6 8 8.8 65.5 
As 29.7 250.6 2279.3 231.8 12 7.3 2.4 3.4 6.9 418.6 8.4 4.4 1.8 
Cd 1.5 0.2 0.1 0.1 <0.1 0.1 <0.1 0.3 <0.1 <0.1 0.3 0.1 0.2 
Sb 115.2 4.8 25 15.5 0.7 0.8 1.1 0.2 0.6 1.2 0.2 0.2 0.1 
Bi 10.5 1.2 0.3 5.6 2.6 0.2 0.6 0.3 0.4 0.2 0.3 0.6 0.4 
Ag 13.1 0.8 2.2 2.1 0.7 0.3 <0.1 0.1 0.4 0.1 0.3 0.2 0.4 
Au 121.3 118.1 282.7 173.8 30.5 10.5 12 6.3 35.4 57.2 4 20.4 13.6 
Hg 0.34 0.03 0.23 0.07 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 0.07 <0.01 <0.01 
Tl 0.2 0.9 1.5 0.6 0.4 0.6 1.3 0.2 1.1 0.4 0.3 0.2 <0.1 
Se 52 2.2 2.2 10.1 0.5 0.6 <0.5 <0.5 1.6 <0.5 <0.5 0.5 <0.5 
Rock type abbreviations: qm = Fakos quartz monzonite; dark qm = dark-colored quartz monzonite; ss = silicified sandstones; qtz vein = quartz vein; sil = massive silicification cementing 
fault gouge; px-bt vein = aplitic pyroxene-biotite vein 
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Table A4: Electron microprobe analyses of sulfides and sulfosalts from the Fakos prospect 
Weight% 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Cu    0.32   0.03 0.22 32.71     59.56 
Ag     0.057 0 0 0.04 0.02     0.01 
Pb     85.84 87.18 86.42 87.17 0     0 
Hg       0 0 0.003     0.07 
Mo          60.92 61.5 61.47 61.13  
Re          0.19 0.11 0.08 0.09  
Fe 1.57 0.25 0.23 0.89   0.18 0.11 32.22     15.67 
Zn 64.52 66.13 66.28 65.07   0 0.01 0     0 
Mn 0 0.26 0.21 0.39           
Cd 0.39 0.43 0.43 0.4           
Sb     0.036 0.006 0 0 0     0 
As       0 0 0.05     0.01 
Te       0 0 0.01     0.04 
S 32.78 32.78 32.71 31.49 13.27 13.49 12.82 12.96 34.12 40.64 40.23 39.98 40.37 25.31 
Total 99.26 99.85 99.86 98.56 99.203 100.676 99.45 100.51 99.133 101.75 101.84 101.53 101.59 100.67 
               
Atomic Proportion              
No. Atoms based 
on 2 2 2 2 2 2 2 2 4 3 3 3 3 9 
Cu    0.01   0.00 0.01 0.95     4.67 
Ag     0.00 0.00 0.00 0.00 0.00     0.00 
Pb     1.00 1.00 1.02 1.01 0.00     0.00 
Hg       0.00 0.00 0.00     0.00 
Mo          1.00 1.01 1.02 1.01  
Re          0.00 0.00 0.00 0.00  
Fe 0.03 0.00 0.00 0.02   0.01 0.00 1.07     1.40 
Zn 0.97 0.99 0.99 0.99   0.00 0.00 0.00     0.00 
Mn 0.00 0.00 0.00 0.01   0.00 0.00       
Cd 0.00 0.00 0.00 0.00           
Sb     0.00    0.00     0.00 
As      0.00 0.00 0.00 0.00     0.00 
Te      0.00 0.00 0.00 0.00     0.00 
S 1.00 1.00 1.00 0.98 1.00 1.00 0.97 0.97 1.97 2.00 1.98 1.98 1.99 3.93 
1, 2, 3, 4 - Sphalerite; 5, 6, 7, 8 - Galena; 9 - Chalcopyrite; 10, 11, 12, 13 - Molybdenite; 14 - Bornite 
164 
   
 
Table A5: Electron microprobe analyses of tennantite-tetrahedrite from the Fakos Prospect 
Weight % 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
Cu 42.29 41.76 40.88 39.47 39.61 39.14 37 37.04 37.36 37.68 38.11 38.18 37.52 36.56 
Ag 0.03 0 0.1 0.2 0.21 0.12 0.32 0.41 0.35 0.5 1.38 1.38 1.49 0.93 
Pb 0 0 0 0 0 0 0  0 0 0 0 0 0 
Bi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hg 0.04 0.04 0 0.15 0.04 0.04 0 0 0.09 0 0 0.08 0.23 0 
Sn 0 0 0.06 0 0.06 0.07 0.14 0.14 0.17 0.09 0.06 0.07 0.09 0.07 
Fe 1.97 2.93 1.69 1.73 1.42 1.72 0.74 0.78 0.73 0.76 1.52 1.84 1.86 1.12 
Zn 6.4 6.85 6.4 6.52 6.85 7.03 6.93 6.72 6.63 6.99 6.16 5.72 5.76 8.56 
Sb 4.79 0.2 12.55 18.22 17.58 17.38 27.35 27.84 27.32 27.88 24.67 23.79 25.44 27.57 
As 17.42 20.25 12.17 8.34 9.18 8.65 2.21 2.09 2.4 2.03 4.23 4.68 3.75 2.32 
Se 0.06 0.12 0.04 0.02 0.01 0.05 0.03 0 0.04 0 0.04 0.01 0.03 0 
Te 0 0.2 0 0 0 0 0 0 0 0 0 0 0 0 
S 26.88 27.36 26.01 25.3 25.24 24.76 24 23.55 24.01 24.01 23.83 23.99 24.01 23.33 
Total 99.88 99.72 99.9 99.95 100.21 98.96 98.72 98.57 99.1 99.95 100 99.74 100.18 100.46 
               
Atomic Proportion              
No. Atoms based on 29 29 29 29 29 29 29 29 29 29 29 29 29 29 
Cu 10.10 9.81 10.08 9.98 9.98 9.99 9.88 9.97 9.95 9.98 10.01 10.01 9.86 9.70 
Ag 0.00 0.00 0.01 0.03 0.03 0.02 0.05 0.07 0.05 0.08 0.21 0.21 0.23 0.15 
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Hg 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.02 0.00 
Sn 0.00 0.00 0.01 0.00 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 
Fe 0.54 0.78 0.47 0.50 0.41 0.50 0.22 0.24 0.22 0.23 0.45 0.55 0.56 0.34 
Zn 1.49 1.56 1.53 1.60 1.68 1.74 1.80 1.76 1.72 1.80 1.57 1.46 1.47 2.21 
Sb 0.60 0.02 1.62 2.40 2.31 2.32 3.81 3.91 3.80 3.85 3.38 3.25 3.49 3.82 
As 3.53 4.03 2.55 1.79 1.96 1.87 0.50 0.48 0.54 0.46 0.94 1.04 0.84 0.52 
Se 0.01 0.02 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 
Te 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S 12.73 12.74 12.72 12.68 12.61 12.53 12.70 12.56 12.67 12.60 12.41 12.46 12.51 12.26 
               
               
               
Table A5 continued 
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Weight % 1 1 1 1 1 1 1 1 1 1 1 1 1  
Cu 37.92 38 36.75 37.01 36.78 31.08 41.61 32.5 33.63 36.43 36.92 36.04 37.66  
Ag 0.25 0.28 1.58 1.3 1.47 0.49 0.35 7.19 6.44 2.38 2.25 2.76 1.82  
Pb 0 0 0 0 0 16.4 0 0 0 0 0 0 0  
Bi 0 0 0 0 0 0 0 0 0 0 0 0 0  
Hg 0 0 0 0.08 0 0 0 0 0 0.1 0.07 0.04 0  
Sn 0.11 0.08 0.1 0.11 0.08 - - 0 - - - - -  
Fe 2.72 1.83 1.36 1.74 1.21 0.06 0.06 1.29 2.13 2 1.45 1.33 1.51  
Zn 4.54 5.43 6.48 6.66 6.45 4.93 2.66 8.71 6.77 7.4 7.5 7.5 7.48  
Sb 27.07 27.75 28.51 27.93 28.27 22.6 20.99 23.87 23.84 19.02 18.12 21.25 17.22  
As 2.74 2.06 1.68 1.99 1.74 1.3 0.79 4.04 3.79 7.77 8.23 6.1 8.9  
Se 0 0.07 0 0 0.03   0.02 - - - - -  
Te 0 0 0 0 0 0 7.36 0 0 0 0 0 0  
S 23.38 23.3 22.83 22.79 22.98 22.63 24.95 23.22 24.54 25.79 25.76 25.47 26.12  
Total 98.73 98.8 99.29 99.61 99.02 99.49 98.77 100.84 101.14 100.89 100.3 100.49 100.71  
               
Atomic Proportion              
No. Atoms based on 29 29 29 29 29 29 29 29 29 29 29 29 29  
Cu 10.14 10.20 9.95 9.96 9.96 9.10 11.05 8.68 8.81 9.19 9.34 9.23 9.41  
Ag 0.04 0.04 0.25 0.21 0.23 0.08 0.05 1.13 0.99 0.35 0.34 0.42 0.27  
Pb 0.00 0.00 0.00 0.00 0.00 1.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
Hg 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00  
Sn 0.02 0.01 0.01 0.02 0.01 0.00 - - 0.00 - - - -  
Fe 0.83 0.56 0.42 0.53 0.37 0.02 0.02 0.39 0.63 0.57 0.42 0.39 0.43  
Zn 1.18 1.42 1.70 1.74 1.70 1.40 0.69 2.26 1.72 1.81 1.84 1.87 1.82  
Sb 3.78 3.89 4.03 3.92 3.99 3.45 2.91 3.33 3.26 2.50 2.39 2.84 2.25  
As 0.62 0.47 0.39 0.45 0.40 0.32 0.18 0.92 0.84 1.66 1.76 1.33 1.89  
Se 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 - - - -  
Te 0.00 0.00 0.00 0.00 0.00 0.00 0.97 0.00 0.00 0.00 0.00 0.00 0.00  
S 12.39 12.40 12.25 12.16 12.33 13.14 13.13 12.29 12.74 12.89 12.91 12.93 12.94  
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Table A6: Electron microprobe analyses of precious metal-bearing minerals from the Fakos prospect 
Weight % 1 2 3 4 5 6 
Cu 0 0.039 0.078 0.39 - - 
Ag 63.1 63.57 62.59 67.61 45.08 21.41 
Au 0.24 0.045 0.11 0.116 19.88 78.6 
Bi 0 0 0.049 0.067 - - 
Se 0 0 0 0.01 - - 
Te 38.03 37.86 37.86 28.37 34.86 - 
S 0.05 0.18 0.064 4.73  - 
Total 101.42 101.694 100.751 101.293 99.82 100.01 
       
Atomic Proportion      
No. Atoms based on 3 3 3 5 7 1 
Cu 0.00 0.00 0.00 0.03 - - 
Ag 1.98 1.98 1.98 3.12 3.69 0.33 
Au 0.00 0.00 0.00 0.00 0.89 0.67 
Bi 0.00 0.00 0.00 0.00 - - 
Se 0.00 0.00 0.00 0.00 - - 
Te 1.01 1.00 1.01 1.11 2.41 - 
S 0.01 0.02 0.01 0.73     
1, 2, 3 - Hessite; 4 - Cervelleite-like mineral; 5 - Petzite; 6 - Au-Ag Alloy 
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Table A7. Electron microprobe analyses of amphibole from the Fakos quartz monzonite and crosscutting dikes      
Weight % AF-21a AF-21a AF-21a AF-21a AF-21a AF-21a AF-21a AF-21b AF-21b AF-21b AF-21b AF-21b AF-21b AF-21b AF-21b 
SiO2 52.3718 53.641 50.5967 53.6759 53.1062 52.7828 53.615 45.2104 43.954 45.5021 44.58 43.6958 43.7664 44.6952 44.3901 
TiO2 0.3304 0.1679 0.2446 0.1717 0.1501 0.108 0.1715 1.144 1.3001 1.0576 1.2346 1.4872 1.3074 1.2428 1.3155 
Al2O3 2.6304 2.206 2.0694 1.6712 1.9141 1.6028 1.5648 7.5313 8.7702 7.8508 8.3244 8.428 7.5397 7.8188 7.6675 
Fe2O3 + FeO 10.3536 9.436 10.7498 9.8249 10.9797 10.932 10.2183 16.6804 17.5793 16.3018 16.8207 16.9637 16.4238 16.5015 16.2764 
MnO 0.5432 0.4303 0.5236 0.4811 0.5779 0.5689 0.4952 0.4638 0.5239 0.531 0.515 0.4865 0.4767 0.4807 0.4768 
MgO 17.9938 18.1263 17.1063 18.4408 17.6331 17.5911 18.2909 12.7907 12.1259 12.9831 12.5105 12.0475 12.5264 13.0288 12.7025 
CaO 12.5902 11.679 12.5449 12.8118 12.4938 12.5112 12.5836 11.3226 11.5331 11.7886 11.2525 11.7148 11.5154 11.6565 11.6981 
K2O 0.2369 0.218 0.1107 0.1233 0.1852 0.1567 0.1262 0.8353 1.0177 0.8485 0.9126 1.0934 1.004 0.9604 1.0021 
Total 97.050 95.905 93.946 97.201 97.040 96.254 97.066 95.979 96.804 96.864 96.150 95.917 94.560 96.385 95.529 
                
No. of Ions on 
the Basis of: 22 O 22 O 22 O 22 O 22 O 22 O 22 O 22 O 22 O 22 O 22 O 22 O 22 O 22 O 22 O 
Si 7.55 7.74 7.57 7.69 7.67 7.69 7.70 6.86 6.67 6.84 6.77 6.68 6.77 6.77 6.79 
Ti 0.04 0.02 0.03 0.02 0.02 0.01 0.02 0.13 0.15 0.12 0.14 0.17 0.15 0.14 0.15 
Al 0.45 0.38 0.37 0.28 0.33 0.28 0.27 1.35 1.57 1.39 1.49 1.52 1.38 1.40 1.38 
Fe 1.25 1.14 1.35 1.18 1.33 1.33 1.23 2.12 2.23 2.05 2.14 2.17 2.13 2.09 2.08 
Mn 0.07 0.05 0.07 0.06 0.07 0.07 0.06 0.06 0.07 0.07 0.07 0.06 0.06 0.06 0.06 
Mg 3.87 3.90 3.82 3.94 3.80 3.82 3.92 2.89 2.74 2.91 2.83 2.75 2.89 2.94 2.90 
Ca 1.95 1.81 2.01 1.97 1.93 1.95 1.94 1.84 1.87 1.90 1.83 1.92 1.91 1.89 1.92 
K 0.04 0.04 0.02 0.02 0.03 0.03 0.02 0.16 0.20 0.16 0.18 0.21 0.20 0.19 0.20 
OH- 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
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Table A8. Electron microprobe analyses of clinopyroxene from the 
Fakos quartz monzonite and crosscutting dikes 
Weight % AF-10 AF-10 AF-18 AF-18 AF-18 
SiO2 52.4045 52.1937 52.4017 52.5203 52.262 
TiO2 0.3212 0.3132 0.1237 0.1062 0.1437 
Al2O3 1.8084 1.7534 0.4699 0.4766 0.7903 
Fe2O3 + FeO 4.3626 4.7258 8.2911 7.8111 8.4862 
MnO 0.1678 0.1219 0.8292 0.8357 0.7932 
MgO 17.0674 17.5591 14.5138 14.4805 14.1334 
CaO 23.2155 22.4018 22.5338 22.6708 22.5655 
Total 99.3474 99.0689 99.1632 98.9012 99.1743 
      
      
No. of Ions 
on the Basis 
of: 6 O 6 O 6 O 6 O 6 O 
Si 1.93 1.92 1.97 1.98 1.97 
Ti 0.01 0.01 0.00 0.00 0.00 
Al 0.08 0.08 0.02 0.02 0.04 
Fe 0.08 0.08 0.23 0.23 0.24 
Mn 0.01 0.00 0.03 0.03 0.03 
Mg 0.93 0.96 0.81 0.81 0.79 
Ca 0.91 0.88 0.91 0.91 0.91 
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Table A9. Electron microprobe analyses of biotite from the Fakos quartz monzonite and crosscutting dikes 
Weight % AF-21a AF-21a AF-21a AF-21a AF-21a AF-21a AF-21a AF-8 AF-8 AF-8 
SiO2 37.8308 38.1664 38.5874 39.0837 37.8906 38.3154 38.2917 36.4399 36.5309 37.0418 
TiO2 4.826 5.037 5.2588 5.0627 5.1185 5.0832 4.8506 4.4602 4.8565 4.8415 
Al2O3 13.0316 13.2003 12.7344 12.7645 12.9634 12.6716 12.6134 13.8021 13.6652 13.6567 
Fe2O3 + FeO 12.1651 12.9279 12.6396 12.0885 12.4384 12.0228 11.6878 13.7409 14.2374 13.8789 
MnO 0.2119 0.2221 0.2054 0.15 0.1641 0.1641 0.1771 0.1713 0.1647 0.1661 
MgO 17.5755 17.3091 17.3539 18.3573 17.5373 17.2921 17.9567 16.4242 16.047 16.2388 
CaO -0.0096 -0.0037 -0.016 0 0.0095 -0.0156 0.0064 0.0001 0.0145 0.0003 
K2O 9.5229 9.5338 9.5057 9.4831 9.159 9.2883 9.2513 9.571 9.4845 9.595 
Total 95.1542 96.3929 96.2692 96.9898 95.2808 94.8219 94.835 94.6097 95.0007 95.4191 
           
No. of Ions on 
the Basis of: 11 O 11 O 11 O 11 O 11 O 11 O 11 O 11 O 11 O 11 O 
Si 2.80 2.80 2.82 2.83 2.70 2.83 2.83 2.78 2.74 2.76 
Ti 0.27 0.28 0.29 0.28 0.27 0.28 0.27 0.26 0.27 0.27 
Al 1.14 1.14 1.10 1.09 1.09 1.13 1.10 1.13 1.21 1.20 
Fe 0.75 0.79 0.77 0.73 0.74 0.74 0.72 0.88 0.89 0.87 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 1.94 1.89 1.89 1.98 1.86 1.90 1.98 1.87 1.80 1.80 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K 0.90 0.89 0.89 0.88 1.60 0.87 0.87 0.93 0.91 0.91 
OH- 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
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Table A10: Fluid inclusion data from FIA 1 
Sample Type Tme Tmf Th Salinity (wt. % eq.) 
LM-31A I -31.8 -1.3 217.6 2.24 
 I -29.0 -2.3 255.6 3.87 
 I -30.4 -2.9 211.8 4.80 
 I -29.3 -3.4 231.7 5.56 
 I -29.9 -3.6 248.3 5.86 
 I -33.5 -6.4 307.0 9.73 
 I -30.1 -6.0 211.4 9.21 
 I -33.5 -5.2 233.4 8.14 
 I -31.1 -4.2 267.0 6.74 
 I -29.8 -3.3 310.0 5.41 
 I -31.5 -4.8 309.4 7.59 
 I -29.5 -2.3 267.4 3.87 
 I -26.8 -3.7 291.4 6.01 
 I  -1.8 290.4 3.06 
 I -28.2 -1.4 291.2 2.41 
 I -28.8 -1.2 304.2 2.07 
 I -26.2 -1.9 267.9 3.23 
 I -30.3 -2.2 280.4 3.71 
LM-31B I -27.2 -2.7 209.1 4.49 
 I -31.5 -2.1 211.3 3.55 
 I -29.5 -1.1 222.2 1.91 
 I -29.2 -2.4 212.0 4.03 
 I -26.9 -2.0 271.8 3.39 
 I  -1.7 266.4 2.90 
 I -29.5 -2.7 265.7 4.49 
 I -27.0 -2.0 - 3.39 
 I -27.8 -2.5 259.8 4.18 
 I -28.2 -1.5 279.2 2.57 
 I -27.6 -1.4 247.2 2.41 
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Table A10 continued 
 I -29.7 -2.1 280.4 3.55 
 I -31.1 -2.5 281.3 4.18 
 I -25.4 -1.6 283.5 2.74 
 I -26.2 -2.1 230.2 3.55 
 I -27.0 -1.9 215.8 3.23 
 I -28.0 -2.1 191.6 3.55 
 I -28.1 -2.7 256.2 4.49 
 I -27.2 -1.7 297.4 2.90 
LM-25A I -28.1 -2.0 218.6 3.39 
 I -27.5 -0.8 250.8 1.40 
LM-27B I -29.3 -2.4 280.4 4.03 
 I -28.2 -2.9 291.4 4.80 
 I -27.6 -2.5 288.8 4.18 
 I -27.7 -2.6 290.6 4.34 
 I -27.4 -1.7 258.0 2.90 
 I -27.9 -3.0 247.1 4.96 
 I -27.6 -2.7 262.7 4.49 
 I -28.0 -2.3 269.8 3.87 
 I -25.1 -2.8 284.6 4.65 
 I -27.0 -2.1 261.4 3.55 
 I -27.1 -2.6 278.7 4.34 
 I -26.7 -2.3 265.8 3.87 
 I -26.3 -3.0 289.7 4.96 
 I -25.8 -2.6 199.7 4.34 
 I -28.6 -2.9 227.6 4.80 
 I -28.1 -2.5 283.8 4.18 
 I -29.7 -2.3 288.9 3.87 
 I -28.3 -2.5 292.3 4.18 
 I -27.9 -1.7 276.2 2.90 
 I -26.4 -2.8 259.1 4.65 
 I -27.5 -2.0 269.6 3.39 
LM-31 I  -2.1 265.3 3.55 
 I   227.1 - 
172 
   
Table A10 continued 
 I  -1.9 248.7 3.23 
 I  -2.0 258.2 3.39 
 I   260.9 - 
 I  -2.1 229.2 3.55 
LM-24 I  -2.8 201.3 4.65 
 I  -2.7 203.8 4.49 
 I  -2.8 204.8 4.65 
 I  -2.3 214.8 3.87 
 I   209.6 - 
LM-27 I  -1.9 269.8 3.23 
 I  -1.9 276.7 3.23 
 I  -1.9 292.7 3.23 
 I  -2.0 286.9 3.39 
 I  -2.0 281.0 3.39 
 I  -1.8 271.9 3.06 
 I  -1.6 240.4 2.74 
 I  -1.6 243.7 2.74 
 I  -1.6 247.1 2.74 
 I  -1.6 249.3 2.74 
 I  -1.9 247.1 3.23 
 I  -1.9 253.4 3.23 
 I   303.1 - 
 I  -2.4 273.2 4.03 
 I   277.1 - 
LM-33 I  -2.1 262.2 3.55 
 I   240.6 - 
 I  -2.1 258.6 3.55 
 I  -2.2 250.8 3.71 
 I  -2.7 201.2 4.49 
 I   208.7 - 
 I  -2.7 204.6 4.49 
 I  -2.8 218.7 4.65 
 I  -2.3 210.5 3.87 
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Table A10 continued 
 I  -1.2 196.5 2.07 
 I   203.2 - 
 I  -0.8 193.9 1.40 
 I  -1.0 199.0 1.74 
 I  -1.1 194.6 1.91 
 I  -1.4 216.7 2.41 
LM-63 I   237.6 - 
 I  -2.0 250.7 3.39 
 I  -2.1 249.3 3.55 
LM21 I  -1.0 200.0 1.74 
LM2b I   -2.2 198.3 3.71 
Abbreviations: Tme = Eutectic ice melting temperature; Tmf = Final ice melting temperature; Th = 
Final homogenization temperature.All data measured at Iowa State University. The number in 
parenthesis indicates that number of measurements or calculations for each analysis.  
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Table A11: fluid inclusion data from FIA 2      
Sample Type Tme (oC) Tmf (oC) TNaCl (oC) TCaCl2 (oC) THem (oC) Th (oC) Salinity (wt. % eq.) 
AF-9 I -27.8 -11.6    379.2 15.57 
 I -29.1 -12.6    364.4 16.48 
 I -26.3 -11.0    267.7 14.97 
 I -25.6 -12.8    220.6 16.71 
 I -29.1 -11.3    280.3 15.27 
 I -27.7 -14.6    257.8 18.30 
 I -27.6 -13.3    307.0 17.17 
 I -28.0 -12.7    352.3 16.62 
 I -30.1 -14.2    361.2 17.96 
 I -27.1 -15.1    354.1 18.72 
 I -28.6 -15.6    372.4 19.13 
 I -27.9 -16.0    313.0 19.45 
 I -29.8 -16.6    293.9 19.92 
 I -27.4 -16.1    313.6 19.53 
 I -28.2 -12.2    403.3 16.15 
 II   -   220.7  
 II   -   301.0  
 II   -   334.7  
 II   -   269.4  
 II   -   355.3  
 II    -  343.8  
 II    -  305.5  
 II    -  290.2  
 II    -  377.8  
 IV    - - 357.9  
 IV     - >410  
 IV   -  - 320.2  
 IV   -  - 392.4  
 IV    - - 275.4  
 IV   -  - 367.8  
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Table A11continued 
LM-75 I -27.9 -11.3    202.5 15.27 
 I -28.2 -15.3    252.3 18.88 
 I -25.7 -12.6    215.3 16.53 
 I -24.3 -12.3    189.5 16.24 
         
 I -35.4 -12.7    256.8 16.62 
 I -28.7 -12.6    266.3 16.53 
 I -27.9 -11.3    261.8 15.27 
         
 I -32.2 -16.1    277.6 19.53 
 I -31.8 -16.4    261.3 19.76 
 I -30.7 -10.9    286.2 14.87 
 II   -   343.8  
 II   -   269.8  
 II   -   314.2  
 II   -   240.2  
 II   -   209.3  
 II   -   261.7  
 II   -   244.3  
 II   -   230.3  
 II   -   269.7  
 IV   -  - 276.2  
LM-76 II   -   215.4  
 II   -   269.0  
 II   -   >410  
 II   -   >410  
 III   - -  >410  
 IV   -  - 200.4  
 IV   -  - 224.9  
 IV   -  - 247.5  
LM-84 III   - -  354.7  
 IV   -  - 395.2  
 IV   - - - >410  
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Table A11continued 
 IV   - - - >410  
 IV   - - - >410  
 IV    - - >410  
 IV   -  - >410  
 IV   -  - >410  
LM-99 I -27.9 -15.3    344.4 18.88 
 I -27.1 -11.3    371.8 15.27 
 I -26.2 -13.7    365.7 17.52 
 I -24.8 -10.8    287.5 14.77 
 I -25.2 -12.1    302.5 16.05 
         
 I -26.9 -11.3    314.4 15.27 
 I -27.3 -14.7    294.9 18.38 
 I -24.7 -11.8    260.0 15.76 
         
 II   -   254.2  
 II   -   273.8  
 II   -   309.6  
 II   -   300.9  
 II   -   359.8  
 II   -   374.0  
 II   -   >410  
 III   - -  267.6  
 III   - -  321.2  
 III   - -  >410  
 III   - -  350.0  
 III   - -  362.2  
 III   - -  336.2  
 III   - -  344.4  
 III   - -  308.6  
LM-88 II      >410  
 III      >410  
 III      >410  
177 
   
Table A11continued 
 III      >410  
  IV           >410   
Abbreviations: Tme = Eutectic ice melting temperature; Tmf = Final ice melting temperature; TNaCl = NaCl homogenization temperature; TCaCl2 
= CaCl2 homogenization temperature; THem = Hematite homogenization temperature; Th = Final homogenization temperature.All data 
measured at Iowa State University.  
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